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Abstract
Lu2SiO5:Ce powders were produced using solvent-free mechanochemistry. The
Burgio-Rojac model for the planetary ball mill was used to conduct a parametric study of
this synthesis, investigating the effect of varying the powder mass, the vial and ball
density, the number of balls, the diameter of the balls, and the rotation rate of the mill on
reaction time. The influence of additives was researched with Zn possibly leading to
increased reduction of Ce4+ to Ce3+ and with various solvents hindering or preventing
Lu2SiO5:Ce production.
The solution and gel combustion syntheses of Lu2SiO5:Ce powders were executed
using the fuels urea and hexamethylenetetramine both individually and as a mixture. The
mixed-fuel solution combustion method successfully produced LSO:Ce powder with
excellent replicability. This method produced LSO:Ce powders with a combination of the
P 1 21/c 1and C 1 2/c 1 space groups, which were compared to mechanochemicallyproduce LSO:Ce powders with C 1 2/c 1 symmetry.
Lu2SiO5:Ce powders produced by each method were sintered using either a
microwave or a furnace. While furnace sintering increased intensity in their
photoluminescence excitation and emission spectra, the intensity was decreased with
microwave sintering. By furnace sintering the previously microwaved-sintered powder in
air, it was determined that oxygen vacancies created during microwave sintering caused
the loss of photoluminescence intensities.
Preliminary studies were conducted to synthesize optically-active α[alpha]-quartz
nanoparticles using optically-active β[beta]-GeO2 nanoparticles as a template.
Templating optical activity in β[beta]-GeO2 nanoparticles using L-lysine and (R)-(+)-1,2diaminopropane as templating agents was attempted. No optical activity was observed in
polarimetry and circular dichroism measurements, which was most likely due to
insufficient capping agent adsorption. Rac-β[beta]-GeO2 nanoparticles were used to
attempt to template α[alpha]-quartz at room temperature as well as when heated in
NaOH, NH4OH, Ba(OH)2, and CsOH solutions. α[alpha]-Quartz did not form in any
powders although the silica may have dissolved during the heating.
v
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CHAPTER 1
INTRODUCTION

1

1.1. Nanoparticles
Nanoparticles (i.e. particles in the size range of 1-100 nm) have been studied for
a wide range of fields and applications. This interest stems their unique properties which
differ from their macroscopic counterparts and can even vary based on the diameter of
the nanoparticles themselves. Nanoparticle research is therefore commonly conducted
based on specific applications or specific desired properties. Two particular areas of
interest, which will be discussed in this dissertation, are scintillating materials and
optically-active compounds.1-2
1.2. Scintillators
1.2.1. Introduction to Scintillators
Scintillators are materials which luminesce upon interaction with radiation. This
scintillation or emission of light was first observed in the early 1900’s by Röntgen who
used calcium tungstate (CaWO4) in the discovery of X-rays and by William Crookes and
Rutherford who used zinc sulfide (ZnS) for radiation detection and the study of alpha
particle scattering, respectively. In the 1940’s, the photomultiplier tube (PMT), which
converts the emitted photons from scintillators into an amplified electrical signal, was
developed, allowing better detection of radiation. Soon after, naphthalene and still widelyused NaI:Tl scintillators were discovered and developed. This research led to the study
and development of countless other scintillators over the last several decades, including
noble gases, organic liquids and solids, and inorganic crystals.3-4
To maximize the efficiency of these scintillators for radiation detection and
measurement, research has been primarily focused on the optimization of a set of
idealized properties, which are listed below.
1. The material should be transparent to its own emission, so scintillations can
escape the crystal and be measured outside of the material.
2. The emission wavelength should match a PMT or photodiode for amplification of
the signal; however, a wavelength shifter may be used if the scintillator’s emission
does not match.
3. The total energy deposited into the crystal should be directly proportional to the
light output. This property is known as the linearity of the scintillator and leads to
2

good energy resolution.
4. The light yield per energy unit deposited should be high to increase the scintillators
efficiency.
5. The scintillations should have a short decay time, leading to better detection
resolution.
6. The material should have a short radiation absorption length, which decreases the
amount of material necessary for detection and measurement.
7. The index of refraction should be close to that of glass (about 1.5) to aid in the
coupling of the scintillator to a PMT or photodiode.
8. Finally, the material should be chemically stable and capable of being produced in
large quantities and sizes for industrial use.5
For practical use, the selection of scintillators requires compromising for the
necessary properties as no one scintillator has all the above properties. For example,
gaseous and organic scintillators usually have faster decay times than inorganic crystals.
They are therefore more often used for fast timing studies. Conversely, inorganic crystals
tend to have higher densities and effective atomic numbers, which lead to shorter
attenuation lengths for photon detection.5-6
1.2.2. Inorganic Scintillators
For the detection and measurement of gamma-rays and X-rays, inorganic
scintillators are typically used. These scintillators tend to have better energy resolution
than organic scintillators. They also typically have higher densities and effective atomic
numbers than gaseous and organic scintillators, which give them higher stopping powers
for high-energy photons. This increased stopping power means they have shorter
attenuation lengths and less material is required for the detection and measurement of
this type of radiation.3, 5-7 All of these properties make them effective in applications in
positron emission tomography (PET), oil well logging, monitoring in nuclear plants, highenergy physics, and some security purposes.4, 7-8
The general mechanism for scintillation in inorganic scintillators (Figure 1.1) starts
with the interaction of radiation with the scintillator. For gamma and X-ray detection, this
interaction is through the photoelectric effect, Compton scattering, and/or pair
3

Figure 1.1. General mechanism for inorganic crystal scintillation. (A) A photon interacts
with the crystal and excites an electron from the valence band to the conduction band,
leaving a positively-charged hole in the valence band. (B) After partial relaxation through
non-radiative processes, the electron and hole can move through the structure either
together or separately. (C) The electron and the hole reach a dopant site, which has
energy levels within the band gap. (D) Once both a hole and an electron are present at
the dopant site, creating a dopant in its excited state, the two charge carriers recombine
radiatively, emitting a photon with a longer wavelength that the initial photon.5-6, 8 Image
adapted from references 5, 6, and 8.
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production.8 When the incoming radiation has energy of approximately three times the
band gap energy or more, the interactions can excite an electron from the valence band
to the conduction band of the crystal. This excitation leaves a positively-charged hole in
the valence band and creates an electron-hole pair.5 Partial relaxation then occurs
through inelastic processes including electron-electron scattering and the production of
secondary X-rays and Auger electrons.8 The electron and hole can then move through
the crystal either together as an exciton or separately. When the hole travels separately
from the electron, it reaches an activator site and ionizes the dopant because the dopant
has a lower ionization energy than other sites in the crystal. Once an electron reaches
this site, the dopant is returned to its original state but in an excited state. When the
electron and hole travel together as an exciton, they reach the activator site
simultaneously, creating a dopant in its excited state. The energy levels of the dopant fall
within the band gap, which can lead to the emission a photon in the visible region when
recombination of the electron and hole occurs.5-6, 8
1.2.3. Synthesis of Inorganic Scintillators
Single Crystals
The main methods of producing single crystals of inorganic scintillators are
Czochralski, Bridgman, floating zone, and micro-pulling down methods with the
Czochralski and Bridgman methods being the prominent processes for large crystals.9-10
The Czochralski technique (Figure 1.2a) involves melting precursor materials and dipping
a seed crystal into this melt. As this seed crystal is rotated and slowly drawn out of the
melt, the melt crystallizes on its surface to form a single crystal boule.9 In the Bridgman
technique (Figure 1.2b), starting materials are melted then slowly cooled from one end of
the melt which contains a seed crystal to the opposite end, causing crystallization as it is
cooled.9
These methods present several major issues. The first of which is high production
costs. Expensive iridium crucibles are required to reach the temperatures needed to melt
the precursors of many inorganic crystals.11 The processes are also time-consuming with
pull rates typically on the scale of a few millimeters per hour. 12 Furthermore, they can
cause to inconsistent doping throughout the crystals, which changes the scintillation
5

Figure 1.2. Illustrations of two common methods of producing large single crystals of
inorganic scintillators. (a) Czochralski Growth and (b) Bridgman Growth. Images adapted
from references by Lecoq, et al.,8 Dhanaraj, et al.,9 and Chen, et al.13
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efficiency from the start of the crystal to the end.8
Ceramics
Due to the drawbacks that arise from the production of single crystals, there has
been a shift from research of these large single crystals to transparent pellets made by
pressing nanoparticles. These transparent pellets will be referred to as ceramics in this
dissertation. Ceramics allow higher activator concentrations with better doping uniformity
than their single crystal counterparts.14 They are also capable of reaching densities that
are 99.9% of their single crystal counterparts.15 In contrast to single crystals, ceramic
production has relatively low temperatures and short production times, which decrease
the cost to generate these scintillators. The low temperatures further reduce overall costs
by rendering the use of expensive iridium crucibles unnecessary.15-17
The scintillation properties of these ceramics can vary from the single crystals. The
extent of these differences is dependent on the synthesis of the nanoparticles. This
dependence may be due in part to better packing density and smaller pore sizes with the
use of smaller nanoparticles with little to no aggregation or agglomeration. 18 Research of
various production methods for these types of nanoparticles is therefore paramount to the
optimization of their scintillation properties in ceramics. Recent studies have therefore
focused on the production of numerous scintillating nanoparticles through various
methods, including sol-gel processes,19-20 spray pyrolysis,14,

16, 21-23

hydrothermal

methods,24 solution/gel combustion,17, 22, 25 co-precipitation,26-27 molten salt methods,28
mechanochemical processes,25 and solid-state reactions.29-30 The nanoparticles are then
pressed to form pellets followed by hot isostatic pressing (HIPing) at high temperatures
and pressures to form ceramics.14-16, 27, 29, 31-32
1.2.4. Cerium-Doped Lutetium Oxyorthosilicate (LSO:Ce)
Application and Properties of LSO:Ce
Cerium-doped lutetium oxyorthosilicate (LSO:Ce), usually with the C 1 2/c 1 space
group, is most commonly used for gamma-ray detection, but it is also capable of detecting
X-rays, cosmic rays, and 1-keV or higher energy photons.33-34 LSO:Ce is ideal for these
applications due to several of its scintillation properties, which are listed in Table 1.1 along
with the properties of NaI:Tl and Bi4Ge3O12 (BGO) which have been used for similar
7

Table 1.1. LSO:Ce properties in comparison with other inorganic
scintillators used for PET.
LSO:Ce
(Lu2SiO5:Ce)
66

NaI:Tl
51

BGO
(Bi4Ge3O12)
75

Density (g/cm3)a

7.4

3.67

7.13

Attenuation Length for 662keV photon (cm)b

1.50

3.56

1.41

Attenuation Length for 511keV photon (cm)b

1.15

2.92

1.04

Attenuation Length for 30-keV
photon (μm)b

87

370

59

Relative Light Yield (%)a

75

100

15

Scintillation Decay Time (ns)a

40

230

300

Resolution (% FWHM at 662
keV)c,d

11

7

12

Refractive Indexa

1.82

1.85

2.15

Maximum Emission
Wavelength (nm)a

420

410

480

Rugged?a

Yes

No

Yes

Hygroscopic?a

No

Yes

No

Detector
Effective Atomic Number (Z)a

aElftmann,

R.; Tammen, J.; Kulkarni, S. R.; Martin, C.; Böttcher, S.; WimmerSchweingruber, R., Characterization of an LSO scintillator for space applications.
Journal of Physics: Conference Series 2015, 632 (1), 012006.
bThe attenuation length is the thickness of material through which a beam of light must
travel before its intensity is decreased to 1/e of its initial intensity, which occurs when
approximately 63% of photons have been absorbed. This value can be calculated
using the equation I(E)/Io(E)=e-(μ/ρ)ρx, where I(E)/Io(E) is 1/e, μ/ρ is the total mass
attenuation coefficient with coherent scattering for a given photon energy in cm 2/g
(found at the following reference35), ρ is the density of the material in g/cm 3, and x is
the attenuation length in cm.5 Berger, M. J.; Hubbell, J. H.; Seltzer, S. M.; Chang, J.;
Coursey, J. S.; Sukumar, R.; Zucker, D. S.; Olsen, K., XCOM: Photon Cross Sections
Database. 2010 ed.; National Institute of Standards and Technology: Gaithersburg,
MD, 2010; Vol. 1.5.
cRusso, P.; Vo, D. Gamma-ray detectors for nondestructive analysis; LA-UR-05-3813;
Los Alamos National Laboratory: 2005; p 42.
dFWHM is full-width at half maximum.
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applications. LSO:Ce has a high stopping power for gamma photons due to its high
effective atomic number (Z = 66) and high density (ρ = 7.4 g/cm 3).33, 36 These properties
indicate a high detection efficiency and short attenuation length (1.14 cm for 511-keV
gamma rays; 87 μm for 30-keV X-rays), which suggest that less material would be
necessary to detect incoming photons.33,

35-36

The light yield of these crystals is

approximately 26,000 ph/MeV or 75% that of NaI:Tl, which is commonly used as a
standard due to its high light yield. LSO:Ce also has a short scintillation decay time of
approximately 40 ns. This high light yield and short decay time result in higher counting
rates and better resolution. The material’s refractive index is about 1.82, and its maximum
emission wavelength is about 420 nm. The index of refraction is close to that of glass,
which aids in the transmission of photons from the scintillator into the PMT while the
emission wavelength matches the PMT for efficient conversion of photons to electrons.
LSO:Ce is rugged and non-hygroscopic, which is beneficial for production, storage, and
use. This stability is a major advantage over materials like NaI:Tl, which is hydroscopic,
and Gd2SiO5:Ce (GSO:Ce), which cleaves easily.5, 33, 36-37
Due to the properties listed above, Czochralski-grown crystals of LSO:Ce with the
C 1 2/c 1 space group are currently widely-used in positron emission tomography (PET).
In PET, a positron-emitter is injected into the patient. The emitted positrons will annihilate
with an electron, and two 511 keV photons are emitted in opposite directions. The photons
are absorbed by the LSO:Ce surrounding the patient. 38 A PET schematic of this portion
of the process is depicted in Figure 1.3. The interaction between the LSO:Ce and the
radiation leads to a Ce3+ atom in its excited state with an electron in the 5d orbital and a
hole in the 4f orbital.17, 39-40 This electron non-radiatively relaxes to the lowest 5d level,
and the subsequent 5d→2FJ (J = 5/2 or 7/2) de-excitation of the electron results in the
emission of visible light.17, 39-41 The visible light is converted into an electric signal and
magnified by a PMT or photodiode.42
Structure of LSO:Ce
Lanthanide oxyorthosilicates (Ln2SiO5) tend to have one of two structures. Smaller
lanthanides (Y and Dy to Lu) typically have a monoclinic structure with the C 1 2/c 1 space
group (Figure 1.4).43 This structure has edge-sharing OLu4 tetrahedra that form chains,
9

Figure 1.3. General schematic of a PET scanner. Image adapted from references by
Tsoulfanidis, et al.6, Elftmann, et al.,37 and van Eijk, et al.45
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Figure 1.4. Crystal structures of Lu2SiO5. The two crystallographically distinct lutetium
sites are represented by pink and green spheres. Pink spheres represent the Lu1 site,
which have oxygen coordinations of six and seven for the C 1 2/c 1 and P 1 21/c 1
structures, respectively. Green spheres represent the Lu2 site, which have oxygen
coordinations of seven and nine for the C 1 2/c 1 and P 1 21/c 1 structures, respectively.
The blue spheres are silicon, and the red spheres are oxygen. Image created using data
from references by Gustafsson, et al.46 and Müller-Bunz, et al.47
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which are connected by SiO4 tetrahedra.43-44 It has two crystallographically
distinctlanthanide sites with oxygen coordinations of six and seven.39 Alternatively, larger
lanthanides (La to Tb) tend to form a monoclinic structure with the P 1 21/c 1 space group
(Figure 1.4).43 In this structure, corner-linked OLu4 tetrahedra form 2D networks that are
connected by SiO4 tetrahedra.43-44 This structure also has two crystallographically distinct
lanthanide sites with oxygen coordinations of seven and nine.39
Lutetium oxyorthosilicate (LSO) has been synthesized with both structures. The C
1 2/c 1 type typically forms with higher temperature syntheses like the Czochralski method
while the P 1 21/c 1 type has been seen with lower temperature syntheses like nitratehexamethylenetetramine solution combustion.33, 43, 48-50
Many of the properties listed for LSO:Ce are the same for both phases. The major
differences are the maximum excitation and emission wavelengths. Where the maximum
excitation and emission wavelengths for the C 1 2/c 1 space group are 357 nm and 420
nm, respectively, these values are red-shifted for the P 1 21/c 1 space group. With this
structure, the LSO:Ce has maximum excitation and emission wavelengths of 369 nm and
435 nm, respectively.
Previous Syntheses of LSO:Ce
Single crystals and powders of LSO:Ce have been produced through a wide
variety of methods. Large single crystals and fibers have been synthesized through the
Czochralski technique,33, 42, 51 floating zone method,52 and laser heated pedestal growth
(LHPG).53 Powder syntheses have included sol-gel,54-55 solid-state,56 hydrothermal,57
spray pyrolysis,16 mechanochemical,58 and solution combustion methods.17, 39
The first reported synthesis of LSO:Ce by Melcher, et al.42, 51, used the Czochralski
method, which remains the most common process employed. In this first growth, Lu 2O3,
SiO2, and CeO2 or Ce2O3 were mixed before sintering for four hours at 1500 °C in an Ar,
Ar+2%H2, or air atmosphere. This mixture was then melted, and the single crystal boule
was pulled using the Czochralski method.42, 51 This technique requires an iridium crucible
due to the high melting point of LSO:Ce (2150 °C).3, 53 At these high temperatures, the Ir
crucibles will degrade during the synthesis which can render them unusable and
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contaminate the crystals.53 Both the initial purchase and the maintenance of these
expensive crucibles drastically increases the overall cost of LSO:Ce production. 16, 56, 59
Researchers have therefore attempted to produce single crystals using methods
that do not require the Ir crucible. Cooke, et al.52 used the floating zone method. Lu2O3,
SiO2, and rare-earth oxides were combined and mixed stoichiometrically. The mixed
material was pressed into a rod, heated to 1000 °C for 20 h, and then heated to 1500 °C
for 10 h. Single crystals were grown from this ceramic through the floating zone method,
in which the rod was melted and crystallized as it was passed through a molten zone in
a N2 atmosphere with 3 ppm O2.52
Raukas, et al.60 generated fibers of LSO:Ce using the LHPG technique in 1997
using powdered LSO:Ce as a starting material. Following this initial study, Farhi, et al.53
conducted LHPG to produce LSO:Ce fibers from oxide precursors. In this method, Lu 2O3,
SiO2, and CeO2 were mixed, pressed, and sintered at 1400 °C for 100 h in an Ar/H 2
atmosphere. This process formed ceramics that were then cut into rods. The end of the
rod was melted with a CO2 IR laser, and a seed crystal was used to pull fibers from the
melt. These fibers were 20 mm in length and 0.6-1 mm in diameter. Although neither the
floating zone nor the LHPG methods required the use of an Ir crucible, the processes still
required long reaction times to form small crystals, which makes the processes
impractical for production on a commercial scale.53, 60
Since its first production, there has been a shift toward the production of ceramic
LSO:Ce, which would lower reaction temperatures, shorten production times, and
decrease the overall cost in comparison with current single crystal growth methods. This
production would start with the synthesis of LSO:Ce nanoparticles. One such synthesis
involved a sol-gel method conducted by Mansuy, et al.54 In this process, potassium metal
was reacted with 2-propanol. Stoichiometric amounts of LuCl3 and CeCl3 were added.
This solution was refluxed for 2 h in an Ar atmosphere before tetraethoxysilane (TEOS)
was added. This solution was stirred at room temperature for 4 h, and the KCl was
removed. Subsequent hydrolysis of the resulting material led to an amorphous powder
that was crystallized through heating at 1200 °C for 6 h.54 This general process was later
repeated with Eu3+ as the dopant.55
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In 2009, LSO:Ce powders were synthesized through several new methods. Wang,
et al.56 produced powders of LSO:Ce through a solid-state reaction in which stoichiometric
amounts Lu2O3, SiO2, and CeO2 were combined with the flux Li2SO4. These powders
were then calcined in air or in a reducing atmosphere at 1300 °C for 5 h. 56 Yun, et al.57
made powders through a hydrothermal method. In this process, a solution of Na2SiO3
with its pH adjusted to 7.5-8.0 using HCl was added to a mixture of Lu(NO3)3 solution,
Ce(NO3)3 solution, and urea. This combined mixture was heated in a teflon cup in an acid
digestion bomb at 200 °C for 10 h. Following washing, the powder was heated to 10001250 °C for 2 h.57 In 2009, Wang, et al.16 researched LSO:Ce powder produced by spray
pyrolysis by Nanocerox, Inc. (Ann Arbor, Michigan). This method of production was
described by Kuntz, et al.14 The process involves the mixture of metal salts in an organic
solvent, which is then atomized using O2 before being passed through a methane/oxygen
flame to produce nanoparticles.14
LSO:Ce powders with the P 1 21/c 1 space group have also been produced through
combustion. In this general process, metal nitrates are combined with a fuel and then
heated until they combust. Blair, et al.39 first mentioned this method for LSO:Ce powder
production in 2008, using glycine as the fuel. This research was followed in 2010 by
Yukihara, et al.17, using hexamethylenetetramine as the fuel. In this particular method,
nitrate solutions of lutetium and cerium were combined with fumed silica and
hexamethylenetetramine. The mixture was dried, combusted at 600 °C, and calcined at
1000 °C for 1 h.17
Tian, et al.58 synthesized undoped LSO through mechanochemical methods
followed by calcination. Lu2O3 and SiO2 were combined stoichiometrically and milled with
ethanol in a Si3N4 cup for 24 h. The resultant power was dried and pressed into a pellet.
The pellet was heated to 1000-1400 °C although no LSO was produced at 1100 °C and
full conversion only occurred at 1400 °C.58
Powders from several of these syntheses have been pressed into ceramics
through HIPing.15-16,

58

These ceramics have exhibited relative densities (i.e. the

percentage of the ceramic density compared to the single crystal density) of up to 99.8%
with powders synthesized through mechanochemical processing or spray pyrolysis.16, 58
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As has been seen with other materials, the production of these LSO:Ce ceramics have
lower temperatures, shorter production times, lower costs, and more uniform doping
compared to their single crystal counterparts.16, 61
Regardless of the past productions of LSO:Ce ceramics, new methods of particle
production warrant further investigation as different syntheses and variations in syntheses
have been shown to produce ceramics with different properties. These changes can affect
the overall doping concentration, doping uniformity, and relative density of the
ceramics.14-17, 58, 61 It is therefore important to synthesize LSO:Ce powder through various
other methods to produce the most ideal ceramic at the lowest possible cost through
processes which are scalable for industrial use.
1.3. Chiral Nanoparticles
1.3.1. Introduction to Chiral Nanoparticles
Optical activity was first observed in 1811 by F. Arago who saw that sunlight passing
through quartz crystals formed colors. This observation was followed in 1812 by J.-B. Biot
who discovered that the colors were caused by the rotation of light through the crystal
which varied based on wavelength. He also discovered that the direction of this rotation
was opposite for two forms, now known to be enantiomers, of quartz. Following these
discoveries, Biot reported that this rotation of light also occurred when it was passed
through turpentine and solutions of camphor, sugar, and tartaric acid. It was soon realized
that this optical activity was caused by either molecular or crystal structures which are
chiral with non-superimposable mirrored structures.62-63
Since the original discoveries of optical activity and enantiomers, countless
materials have been found to be optically active, which has led to interest in chiral
nanoparticles. Over the past two decades, chiral crystalline nanoparticles have grown in
interest due to their prospective wide-scale applications in the fields of chemistry, biology,
physics, and medicine. These materials have potential uses in heterogeneous
enantioselective

catalysis,

enantiomeric

separations,

and

enantioselective

crystallizations, which are all possible due to the favorable stereoselective interactions
between enantiomers. These interactions could be helpful in pharmaceutical
development in the exploration and detection of enantiomerically-pure biological
15

compounds and the transportation of functionalized nanoparticles to these molecules.
They could also accelerate enantioselective processes due to their larger surface
areas.64-76
The preferential binding between enantiomers has been used in pharmaceutical
development and biosensing because chiral biological compounds tend to solely form as
one enantiomer in nature. For example, in the human body, amino acids typically take the
L-form while sugars typically take the D-form. The two enantiomers of a chiral nanoparticle
should therefore interact differently with these biological compounds. 68,

77-79

These

different interactions can be used for the exploration and detection of enantiomericallypure biological compounds as well as for transportation of functionalized nanoparticles to
these molecules.
The larger chiral surface area of these nanoparticles compared to their micronscale or larger counterparts may also be used to accelerate enantioselective
processes.64-65, 69, 73-75 The plausibility of using chiral nanoparticles for this type of surface
application has been demonstrated by conducting these processes on larger structures
with smaller chiral surface areas.71 For example, powdered L-quartz and powdered Dquartz (approximately 2.9-7.6 µm) have been used in the syntheses of various pyrimidyl
alkanols with enantiomeric excess.76
Although there is great potential for future applications of chiral nanoparticles, a
better understanding of chiral materials and their optical activity must be achieved before
these applications can be fully explored. Improvements must first be made in the
synthesis of novel chiral nanoparticles, in control of their optical activity, and in the effect
of nano-scale chirality on their overall properties. These improved properties and newly
explored properties can then be applied in the research of chiral nanoparticles
functionalities.
1.3.2. Types of Chirality in Nanoparticles
Although the importance of studying chiral nanoparticles for the above-listed
applications has been noted in several reviews, very little work has been done on
nanoparticles with chiral crystal structures.66, 68, 78, 80-82 These nanoparticles can be chiral
in their overall shape, in their arrangement in relation to each other, or in the configuration
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of their atoms. This work will focus on chirality in which the crystal structure (or
configuration of atoms) is not superimposable with its mirror crystal structure.74, 83 These
chiral nanomaterials are synthesized in the presence of a chiral capping agent, which
acts as a protective coating to prevent aggregation and as a templating agent to initiate
chirality. Based on previous investigations, two types of nanoparticle chirality can be
templated: induced and intrinsic.78-80, 82, 84-86
Induced Chirality
When a bulk crystal material is achiral, chirality can be induced in nanoparticles
using chiral capping agents. These capping agents generate chirality or optical activity by
several mechanisms. They may adsorb to the surface of the nanoparticle in a chiral
pattern (Figure 1.5a). The optical activity may also be the result of electronic state
hybridization between the chiral capping agent and the achiral nanoparticles. The chirality
may also be induced by chiral distortions created by the capping agents in the surface
atoms (Figure 1.5b). These distortions may then permeate into or through the
nanoparticle. The induced chirality allows the nanoparticle to display optical activity which
can be measured through optical rotation and circular dichroism. The chirality and
resulting optical activity have thus far been lost when the chiral capping agent is replaced
by an achiral capping agent or when the nanoparticles are heated because there are no
chiral capping agents to create chiral distortions. The intensity of the optical activity is
also decreased as the nanoparticle size increases to the point of being immeasurable
with particles larger than approximately 5 nm.

73, 84-92

At these sizes, the induced

distortions have not yet been capable of pervading the majority of the structure. The
achiral portion becomes large enough that any chiral dislocations still present are not
concentrated enough to give a measurable signal.82, 93 Most previous studies of chiral
nanoparticles, including the research of Au, Ag, CdS, CdSe, CdTe, ZnO, WO3-x·H2O,
Co3O4, and TiO2, involve nanocrystals with this induced chirality.

73, 84-92, 94

Intrinsic Chirality
Materials in which the large crystals have a chiral crystal structure have also been
shown to have nanoscale chirality.78-82, 84-86 This persistent chirality between the large
crystals and the nanoparticles should be consistent for all other materials with chiral
17

Figure 1.5. Examples of induced and intrinsic chirality. These illustrations represent
induced chirality with (a) chiral capping agent adsorption and (b) chiral surface distortion
and (c) intrinsic chirality through chiral crystal structure. Images adapted from references
by Ma, et al.74 and Ben-Moshe, et al.95
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crystal structures. This chirality, which is inherent to the material and its crystal structure,
will be called intrinsic chirality for the purpose of this dissertation. For these chiral
nanoparticles, both an enantiomerically-pure chiral capping agent and an achiral capping
agent may create some slight distortions of the atoms on the nanoparticle surface, but
the overall crystal structure is chiral and optically active (Figure 1.5c). An
enantiomerically-pure capping agent could therefore be capable of initiating the crystal
growth of one enantiomer, thereby preventing a racemic mixture from forming. These
materials exhibit a retention of chirality, or chiral memory, when heated or when the chiral
capping agent is replaced with an achiral capping agent. This chiral memory is important
for enantioselective catalysis and separations.78-82, 84-86
There are only three intrinsically chiral nanomaterials which have been previously
investigated: Se, Te, and HgS. Synthesized Se and Te nanorods were optically active,
but the authors attributed the majority of this optical activity to the chiral macrostructure
of the twisted nanorods and chiral memory was not tested.78 HgS nanoparticles exhibited
optical activity at sizes larger than 5 nm while nanoparticles with induced chirality have
thus far been 5 nm or smaller when exhibiting optical activity to the best of our
knowledge.82 These HgS nanoparticles have also been shown to continue exhibiting
optical activity when the chiral capping agent was replaced with an achiral capping agent
and when heated to 100 °C with an achiral capping agent. 80 The chirality of the HgS
nanoparticles was further tested through variations in the shape of the nanomaterials,
including symmetrical particles with cubic, ellipsoidal, rod-like, and wire-like shapes and
asymmetrical particles with a twisted bipyramidal shape. All of these shapes exhibited
optical activity.81
Previous research of materials with intrinsic chirality (Se, Te, and HgS) involved
the low-temperature (<100 °C) syntheses of chiral metal and metal sulfide nanoparticles.
These low temperatures allowed the use of a wide variety of capping agents, as
racemization was less likely to occur during the reaction than at higher temperatures.
However, this field has not yet addressed intrinsically-chiral nanoparticles which require
higher temperatures for production. At these high temperatures, many chiral capping
19

agents would quickly racemize or decompose, but the exploration of high-temperature
syntheses might further our understanding of inorganic chirality in nanoparticles. 96-98
1.4. Overview of Chapters
Chapter 2 details the characterization methods used in the projects that follow.
These analytical techniques include powder X-ray diffraction (PXRD), transmission
electron microscopy (TEM) with electron diffraction, scanning electron microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDS) and elemental mapping, and dynamic
light

scattering

(DLS)

for

all

nanoparticles.

For

scintillator

nanoparticles,

Photoluminescent (PL) excitation and emission and time-correlated single photon
counting (TCSPC) are described. For the work involving chiral nanoparticles, polarimetry,
circular dichroism (CD) spectroscopy, thermogravimetric analysis (TGA), mass
spectrometry (MS), and Fourier-Transform infrared spectroscopy (FTIR) are described.
Chapter 3 describes the experimental methods and analysis of cerium-doped
lutetium oxyorthosilicate (Lu2SiO5:Ce) powder synthesized through mechanochemical
methods. This chapter includes dry and wet milling and the optimization of the dry milling
process.
Chapter 4 states the experimental procedure for Lu2SiO5:Ce powder synthesis
through solution or gel combustion using either a single fuel or mixed fuels. The
characterization of these particles is also presented. A comparison is presented between
Lu2SiO5:Ce powders produced through mechanochemical syntheses to powders
produced through solution combustion syntheses.
Chapter 5 involves the synthesis and characterization of chiral nanoparticles of βGeO2. The procedure for and characterization of the attempted templating of α-quartz
using rac-β-GeO2 is described.
Chapter 6 presents a summary of the previous chapters and suggests possible
routes for future work on the above topics.
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CHAPTER 2
INSTRUMENTATION AND CHARACTERIZATION
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2.1. Introduction
The characterization of nano- and micron-sized powders typically begins with
determining composition, size, and morphology as each of these factors can drastically
change other properties of the material. Common techniques conducted after powder
synthesis are therefore powder X-ray diffraction (PXRD), electron microscopy, and
dynamic light scattering (DLS) for particle size analysis (PSA). These measurements help
determine the particles’ identity, crystallite size, particle size, degree of aggregation and
agglomeration, crystallinity, and elemental composition. Following these general
techniques, other characterization methods are selected based on the specific properties
and applications of the powder.
2.1.1. Characterization of Scintillators
Following the successful production of a scintillator powder and prior to pressing it
into a ceramic, the powder should exhibit several properties that match those of their
single crystal counterparts. For example, the powder should have similar maximum
excitation and emission wavelengths to the crystal and a decay time that indicates
successful doping within the crystal structure. These properties can be verified through
measurement of the powder’s photoluminescence (PL) excitation and emission spectra
and its decay time.
2.1.2. Characterization of Optically-Active Nanoparticles
Chiral materials are characterized by their optical activity. This measurement
determines if a material consists of equal amounts of each enantiomer (called a racemic
mixture) or an excess of one enantiomer. An enantiomeric excess can be verified using
either polarimetry or circular dichroism (CD).
To synthesize chiral nanoparticles, a capping agent must be used initially. These
capping agents can be quantified and their adsorption characterized using
thermogravimetric analysis paired with mass spectrometry (TGA-MS) and infrared (IR)
spectroscopy.
2.2. Powder X-Ray Diffraction
In PXRD, X-rays are diffracted off the periodic planes of a crystalline structure and
interact constructively and destructively to form a diffraction pattern. This diffraction
22

pattern can aid in the determination of crystal phase or be compared to known patterns
for identification purposes. PXRD instruments can detect transmitted or reflected X-rays
based on the setup of their X-ray generator, sample holder, and detector (Figure 2.1).
101

99-

In this dissertation, both configurations were used.
Transmission PXRD data were collected using an Olympus BTX II Bench-top

instrument. This device utilized Cu-Kα radiation (λ = 1.5406 Å; 10 W, 330 μA). The powder
sample, which was sieved using a 45-μm mesh, was held between two windows in a
convection-vibrated cell. The transmitted diffracted X-rays were detected using a 2-D
Peltier-cooled charge coupled device (CCD) detector set to a temperature of -45±1 °C.
Each pattern was produced by averaging between 250 and 1000 scans of 5-55° 2θ with
a step size of 0.05°.
Reflection PXRD data were collected using PANalytical Empyrean Cabinet X-ray
unit with the reflectance Bragg-Brentano geometry. This instrument also used Cu- Kα
radiation (λ = 1.5406 Å; 45 W, 40 mA). The photons were focused onto a spinning sample
holder with the powder on a zero-background silicon crystal plate. A PIXcel3D detector
was used to detect the diffracted radiation. Spectra were obtained using two programs.
The first program measured patterns from 5-55° with a 0.0131° step size and 20.4 s/step;
the second program measured patterns from 5-75° with a 0.0131° step size and 15.3
s/step.
All spectra were analyzed using the X’Pert HighScore Plus program with the
Inorganic Crystal Structure Database (ICSD) and Scherrer calculator. Using patterns
within the ICSD, samples were compared with known compounds to determine their
identity. The major peaks and their corresponding Miller indices and relative peak
intensities are listed in Table 2.1 for two structures of LSO:Ce and in Table 2.2 for β-GeO2
and α-quartz. The Scherrer calculator within the program was also used to find peaks’ full
width half maxima (FWHM) and to calculate crystallite sizes, using the Scherrer equation
(Equation 2.1):
𝐾𝜆

𝐷 = 𝛽𝑐𝑜𝑠𝜃

(2.1)

In this equation, D is the average crystallite size in nm, K is a crystallite shape constant
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Figure 2.1. PXRD geometries for data collection through transmission and reflection
modes. Images adapted from reference by Pecharsky.102
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Table 2.1. List of the main peaks for PXRD patterns of the two space groups (C 1 2/c 1
and P 1 21/c 1) of LSO:Ce with their Miller indices and relative intensities. 46-47
C 1 2/c 1

P 1 21/c 1
Relative

Relative

2ϴ (º)

(h k l)

Intensities (%)

2ϴ (º)

(h k l)

Intensities (%)

14.7

(2 0 0)

36.7

10.1

(1 0 0)

14.9

15.2

(1 1 0)

42.7

16.7

(1 1 0)

62.5

22.2

(1 1 -2)

23.2

19.2

(0 1 -1)

33.5

23.0

(3 1 -1)

100.0

20.4

(2 0 0)

21.6

25.4

(4 0 -2)

58.2

23.3

(1 1 1)

21.0

26.8

(0 2 0)

20.4

27.2

(1 0 -2)

33.8

28.8

(0 2 1)

61.5

30.1

(0 2 -1)

60.0

29.9

(3 1 -3)

89.3

30.3

(2 0 -2)

51.6

30.7

(2 2 0)

44.2

30.4

(1 1 -2)

34.7

30.8

(1 1 -3)

46.1

30.8

(3 0 0)

78.0

31.1

(2 0 2)

97.8

32.1

(1 0 2)

58.6

34.0

(0 2 2)

24.5

32.9

(1 2 1)

100.0

35.5

(5 1 -1)

51.5

33.2

(2 1 -2)

23.8

35.8

(2 0 -4)

19.0

33.4

(3 1 -1)

17.5

37.4

(4 2 -1)

20.2

33.6

(3 1 0)

17.6

37.8

(2 2 -3)

18.2

34.5

(2 2 -1)

70.0

40.2

(3 1 2)

16.4

44.2

(4 0 -2)

16.0

41.6

(2 2 2)

22.1

46.1

(3 2 1)

31.8

41.8

(1 3 -1)

31.1

49.5

(1 2 -3)

46.5

41.9

(6 0 -4)

30.9

59.4

(4 2 -3)

24.4

49.8

(2 2 3)

15.8

59.5

(2 2 3)

25.3

52.9

(7 1 -5)

20.7

53.0

(4 2 2)

20.3

53.6

(5 3 -3)

30.9
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Table 2.1. (continued)46-47
C 1 2/c 1

P 1 21/c 1
Relative

2ϴ (º)

(h k l)

Intensities (%)

53.7

(-4 0 6)

21.9

59.6

(0 4 2)

15.9

(-8 2 4)

15.9

(-3 3 5)

22.9

(-7 3 3)

22.9

(-9 1 2)

14.7

(-2 4 3)

14.7

61.9

62.1

Relative
2ϴ (º)
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(h k l)

Intensities (%)

Table 2.2. List of the main peaks for PXRD patterns of β-GeO2 and α-quartz with their
Miller indices and relative intensities.103-104
β-GeO2

α-Quartz
Relative

Relative

2ϴ (º)

(h k l)

Intensities (%)

2ϴ (º)

(h k l)

Intensities (%)

20.5

(0 1 0)

18.8

20.9

(0 1 0)

20.9

25.9

(0 1 1)

100.0

26.6

(0 1 1)

100.0

36.0

(1 1 0)

9.7

36.5

(1 1 0)

7.5

38.0

(0 1 2)

19.5

39.5

(0 1 2)

7.4

39.5

(1 1 1)

12.2

40.3

(1 1 1)

3.5

41.8

(0 2 0)

15.8

42.4

(0 2 0)

5.6

44.9

(0 2 1)

1.9

45.8

(0 2 1)

3.0

48.3

(0 0 3)

4.2

50.1

(1 1 2)

13.1

48.7

(1 1 2)

10.3

54.9

(0 2 2)

4.1

53.0

(0 1 3)

2.2

55.3

(0 1 3)

1.8

53.4

(0 2 2)

5.7

59.9

(1 2 1)

9.2

56.3

(1 2 0)

1.8

64.0

(1 1 3)

1.9

58.8

(1 2 1)

13.8

67.7

(1 2 2)

6.3

61.7

(1 1 3)

3.9

68.1

(0 2 3)

6.9

65.7

(0 2 3)

8.3

68.3

(0 3 1)

4.6

66.0

(1 2 2)

10.0

73.4

(0 1 4)

2.3

67.0

(0 3 1)

7.5

70.0

(0 1 4)

5.4

73.8

(0 3 2)

4.1
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(0.89 for LSO:Ce; 0.9 for α-quartz and β-GeO2), λ is the wavelength of the X-rays
(0.15406 nm for Cu-Kα emission line), β is the FWHM in radians, and θ is the Bragg angle
in radians.105-107 For mechanochemically-produced LSO:Ce studies, the 23.0° 2θ was
used due to its high intensity and resolution from surrounding peaks. Solution-combustion
studies required the use of the 14.6° and 15.2° 2θ peaks for the C 1 2/c 1 phase and the
16.6° and 19.2° 2θ peaks for the P 1 21/c 1 phase due to the overlap of other peaks. For
β-GeO2 powder in chiral nanoparticle studies, the 25.9° 2θ was used as it has the highest
intensity and best resolution.
2.3. Electron Microscopy
Particle size and morphology are commonly found using electron microscopy. It
can also help determine surface structure, show the degree of hard and soft
agglomeration, show coating thicknesses, verify crystallinity, and determine atomic
composition.108-110 Both scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used in this dissertation work.
2.3.1. Scanning Electron Microscopy
With SEM, images of samples’ surface structures are created through the
detection of secondary electrons resulting from the bombardment of the sample with an
electron beam. This image can show morphology, surface characteristics, particle size,
and degree of agglomeration.108 These microscopes can also be used for energydispersive X-ray spectroscopy (EDS). This technique focuses on the interactions between
the electron beam and inner shell electrons which result in ionization. The resultant X-ray
from the de-excitation of an outer shell electron to fill the newly-formed hole is then
detected. These X-rays have characteristic energies which can be used to determine the
atomic composition of the sample. These X-rays can also be used in elemental
mapping.108-109 The scanning electron microscope used in this dissertation was a Zeiss
Auriga 40 Crossbeam focused-ion beam scanning electron microscope at the Joint
Institute for Advanced Materials (JIAM) at the University of Tennessee with help from Dr.
John Dunlap.
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2.3.2. Transmission Electron Microscopy
Using a TEM instrument, an image is produced by detecting electrons transmitted
through a sample. These images are useful in determining degree of agglomeration and
can be used to study morphology (including coating thicknesses) and particle size.
Electrons transmitted through the sample can also be used to form an electron diffraction,
which can help determine crystallinity.110 The work in this dissertation used a Zeiss Libra
200 HT FE transmission electron microscope at JIAM with assistance from Dr. John
Dunlap.
2.4. Dynamic Light Scattering
Particle size distributions can be measured using dynamic light scattering (DLS).
In DLS, the elastically-scattered light from a beam directed at the sample is detected over
time and statistically analyzed. Fluctuations in the intensity of the light detected can be
used to determine particle speed. The Brownian motion of larger particles is slower than
that of smaller particles, so the light intensity data can be used to determine particle size
distributions.111 These distributions are more representative of the sample than
measurements from electron microscopy images.
In this work, samples suspended in water were measured using a Malvern
Instruments Zetasizer Nano ZS by Washington State University Nano Research Facility
(NRF). Each sample was measured in triplicate at 25 °C and averaged.
2.5. Photoluminescence Excitation and Emission Spectroscopy
Photoluminescence (PL) excitation and emission curves are measured using a
fluorimeter. For scintillators like LSO:Ce, excitation peaks are indicative of the absorption
of energy which excites the dopant (Ce3+) electron from the 4f band to the 5f band. The
following emitted light has a higher wavelength than the excitation wavelength as the
excited electron has first lost energy through non-radiative processes. The maximum
emission band results from the 5d→2FJ (J=5/2 or 7/2) transition. Changes in the maximum
excitation and emission wavelengths can be indicative of LSO:Ce structural shifts. 17, 39-41,
61

This work used a Perkin-Elmer LS 55 fluorescence spectrometer for LSO:Ce
measurements. The emission wavelengths and excitation wavelengths will be listed in
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either the figure or the figure description for all PL spectra.
2.6. Photoluminescent Decay Time Measurements
Decay time for scintillators can be measured through excitation by gamma
radiation (scintillation decay time) or by UV-Vis radiation (photoluminescent decay time).
In the measurement of scintillation decay time, gamma excitation typically excites an
electron from the valence band of the crystal to its conduction band while UV-Vis causes
the direct excitation of the dopant during PL decay time measurements. 5,

33-36, 112

Scintillation decay time could not be measured for the synthesized powders due to the
long radiation length of gamma rays and the powders’ opacity, therefore the PL lifetimes
were measured for comparison with literature values.
PL lifetimes were measured using a time-correlated single photon counting
(TCSPC) technique.113 With the assistance of Dr. Charles Melcher, these measurements
were conducted using a Horiba Jobin Yvon Fluorolog-3 Spectrofluorometer with a 360nm NanoLED as a light source and Hamamatsu R928 photomultiplier tube (PMT) as a
detector. Samples were pressed into thin disks, and measurements were conducted
using a 360-nm excitation wavelength, a 420-nm emission wavelength, and 4-nm slit
widths.
2.7. Optical Activity
There are two main methods of measuring optical activity. It can be measured
either through the rotation of linearly polarized light (polarimetry) or through the differential
absorption of left- and right-circularly polarized light (CD).114
2.7.1. Polarimetry
In this work, a Perkin-Elmer Model 241 polarimeter with a Hg high pressure lamp
was used to measure the rotation of linearly polarized light through solutions of both
capped and uncapped β-GeO2 nanoparticles. Measurements were taken at 436 nm and
546 nm using a pathlength of 1 dm. Rotation should occur if an enantiomeric excess is
present in the sample.114 This instrument measures rotation with an accuracy of ±0.002°
for rotations less than 1°. For all measurements, an integration time of 5 s was used to
decrease noise, and measurements were conducted in triplicate and averaged to
decrease error.115
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2.7.2. Circular Dichroism Spectroscopy
The main optical activity measurement technique for chiral nanoparticles is CD
spectroscopy, which measures the difference in the absorptions of right and left circularly
polarized light. Optical activity can be more easily established for multiple chiral materials
in a single sample using CD spectroscopy compared to polarimetry because absorption
wavelengths are dependent on material.114 However, polarimetry can be used for
transparent crystals.
The work presented in this dissertation used an AVIV 202 CD Spectrophotometer
at the Bioanalytical Resource Facility at the University of Tennessee with help from Dr.
Ed Wright. Samples were prepared immediately before characterization by adding 8-11
mg of powder to 10 mL of solvent. Samples were run in 200-210 nm increments from
190-800 nm at 0.5 s/step in 1 nm steps. In areas of interest, samples were run in 100 nm
increments at 1 s/step in 1 nm steps. Background spectra were measured for solvents
and subtracted from sample spectra.
2.8. Thermogravimetric Analysis
The mass percentage of capping agent within a nanoparticle powder can be
determined using thermogravimetric analysis (TGA) by decomposing the capping agent
and determining the weight change. For chiral nanoparticles, this percentage can assist
in determining the optical activity caused by the nanoparticle versus that caused by the
capping agent. When paired with a mass spectrometry (MS), the mass-to-charge ratio of
the ionized decomposition products can be detected. This fragmentation can aid in
verifying the presence of a capping agent.
The research presented in this dissertation used a TA Discovery TGA-MS at the
Polymer Characterization Lab (PCL) at JIAM with assistance from Dr. Katrina Pangilinan.
When first characterizing the capped samples, only TGA was run. The powders were
heated in a N2 atmosphere from room temperature to 900 °C at 100 °C/min and then held
at 900 °C for 20 minutes to ensure complete decomposition of the capping agent. When
paired with MS, the powders were heated in a N2 atmosphere from room temperature to
600 °C at 10 °C/min.
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2.9. Fourier Transform Infrared Spectroscopy
Infrared (IR) spectroscopy can be used to monitor the presence of capping agents
on nanoparticle surfaces. In this method, a sample is irradiated with IR radiation, and
absorption is measured. The energies which are absorbed correspond to vibrational
modes of the compound being measured. Characteristic lines for the capping agent can
be monitored for shifts in these absorption bands which would indicate adsorption. 111, 116
For example, the adsorption of an amine group would appear as the δ(N-H) band
broadening and shifting to lower frequencies or disappearing. 92 Fourier transform (FT)
allows shorter acquisition times with better resolution.111,

116

In this work, a Thermo

Scientific Nicolet iS50 FT-IR Spectrometer at PCL was used with assistance from Dr.
Katrina Pangilinan. Samples were run as dried powders in the range of 525-4000 nm.
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CHAPTER 3
THE MECHANOCHEMICAL SYNTHESIS OF
CERIUM-DOPED LUTETIUM OXYORTHOSILICATE POWDERS
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A portion of the initial dry mechanochemical synthesis of LSO:Ce described in this
chapter was published by Melissa N. Bailey and George K. Schweitzer:
Bailey, M. N.; Schweitzer, G. K., The mechanochemical and solution combustion
syntheses of cerium-doped lutetium oxyorthosilicate powder. J Alloy Compd 2018, 734,
258-265.
All work from this article presented in this chapter was conducted by Melissa Bailey with
advisement from George K. Schweitzer.
A portion of the optimization of the dry mechanochemical synthesis of LSO:Ce
described in this chapter was published by Kaitlyn A. McDonald, Matthew R. McDonald,
Melissa N. Bailey, and George K. Schweitzer:
McDonald, K. A.; McDonald, M. R.; Bailey, M. N.; Schweitzer, G. K., Parametric study on
the production of the GAGG:Ce and LSO:Ce multicomponent oxide scintillator materials
through use of a planetary ball mill. Dalton T 2018, 47, 13190-13203.
In this article, the theoretical calculations and analyses were conducted by Kaitlyn A.
McDonald and Matthew R. McDonald. All work involving GAGG:Ce was conducted by
Kaitlyn A. McDonald. All experimentation and characterization of LSO:Ce was conducted
by Melissa N. Bailey. George K. Schweitzer acted as advisor for all the work presented
in the article.
3.1. Abstract
Lu2SiO5:Ce powders were synthesized by solvent-free mechanochemical
processing of the constituent oxides followed by either microwave or furnace sintering.
Using the Burgio-Rojac model for the planetary ball mill, a parametric study of this
synthesis was conducted, investigating the effect of varying the powder mass, the vial
and ball density, the number of balls, the diameter of the balls, and the rotation rate of the
mill on reaction time. The influence of additives was researched with Zn possibly leading
to increased reduction of Ce4+ to Ce3+ and with various solvents hindering or preventing
Lu2SiO5:Ce production. These powders were characterized using powder X-ray
diffraction (PXRD), photoluminescence (PL) excitation and emission spectroscopy, timecorrelated single photon counting (TCSPC), dynamic light scattering (DLS) for particle
size analysis (PSA), and scanning electron microscopy (SEM).
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3.2. Introduction
3.2.1. Mechanochemistry
Reactions in which mechanical energy is converted to chemical energy are called
mechanochemical reactions. One of the first recorded instances of such a reaction
occurred in approximately 315 B.C. when Theophrastus of Eresus wrote about grinding
cinnabar (HgS) in a copper mortar and pestle to obtain mercury in his “On Stones”
book.117-118 These types of reactions became established as a separate field of chemistry
in the 1800s, and the term mechanochemistry was first used in 1919 by Wilhelm
Ostwald.118 Since that time, countless reactions have been conducted in a similar
manner, and the process has become more widely documented.117-119
The increasing popularity of mechanochemical syntheses has been motivated in
part by a desire for fast, low-temperature, minimal-solvent processes. Mechanochemistry
(MC) allows quick (typically less than 24 h), quantitative reactions to occur at or close to
room temperature. It is a one-step process which allows homogenization of the reactants,
nucleation of the product, and growth of product particles. These processes require little
to no solvent, making them less wasteful and better for the environment than solventbased reactions.118-119
As mechanochemistry has grown as a field, the development of new
instrumentation has led to increased mechanical energy, resulting in faster reactions. A
few of the instruments which are commonly used are mills. Several varieties of mills are
shown in Figure 3.1, including a ball mill, a vibration mill, an attritor (stirring ball mill), a
pin mill, a rolling mill, and a planetary ball mill. The type of mill used is selected based on
application. When a specific use for the mill requires high imparted energy, planetary ball
mills are commonly employed because of their simple set up and relatively short
processing times. Ball mills including these planetary ball mills use the mechanical energy
created by balls within a sample container colliding with the walls of the container and
with themselves to induce chemical reactions.120-121
3.2.2. Planetary Ball Mills
Of the above listed mill types, planetary ball mills are capable of the highest energy
transfer. These mills consist of two or four vials which are situated on a disk evenly
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Figure 3.1. Depictions of several common-used types of mills for mechanochemistry.
Image adapted from reference by Balaz, et al.120
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separated from each other. These vials rotate in the opposite direction of the main disk.
The rotational speed of the disk and vials determines the motion of balls inside the vials,
which can move by cascading, cataracting, or centrifuging (Figure 3.2). The impacts
between the balls and the vial wall and between the balls themselves caused by the
cataracting motion can release large amounts of energy. During the comminution of a
powder in this mill, chemical reactions or transformations can be induced by the energy
released during a collision.121
Mechanochemical production of LSO:Ce powder using a planetary ball mill may
provide a room-temperature synthetic method with little or no solvent and much shorter
reaction times. Currently, the synthesis of LSO:Ce single crystals involves high
temperatures which require Ir crucibles, and the synthesis of LSO:Ce powder typically
requires high temperatures, long reaction times, or the use of relatively large amounts of
solvents.3,

16, 33, 42, 51-57, 59

Mechanochemistry is an advantageous alternative to these

processes which eliminates these problems.
3.2.3. Planetary Ball Mill Mathematical Modeling
Several studies have been conducted attempting to mathematically model the
energy transfer that occurs in planetary ball mills. One of the first models produced was
by Burgio, et al.122 in 1990, who attempted to kinematically describe ball mills. Over the
next several years, many other researchers worked to refine this model. 123-126 One such
researcher, Rojac, et al.127 adjusted the Burgio model to relate the various parameters
associated with the ball mill to the energy imparted by a single ball’s impact and the total
energy imparted during milling. This Burgio-Rojac model has been tested by Rojac, et al.
as well as several other groups.128-134 The equations for the model are as follows
(Equations 3.1-2):
𝐸𝑡𝑜𝑡 =
𝐸𝑐 =

1.5𝐸𝑐 𝑁(𝑆−𝑠)𝑡

𝜋𝑑3 𝐷𝑆𝑠(𝑊−𝑑) 𝑠(𝑊−𝑑)
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[

2𝑆

(3.1)

𝑚
2𝑠

(1 − 𝑆 ) − 2𝑅 −

𝑠(𝑊−𝑑)
2𝑆

]

(3.2)

where Etot is the accumulated energy per mass of powder in J/g, E c is the energy
transferred in a single collision in J/collision, N is the number of balls, S is the disk
rotational speed in revolutions per second, s is the vial rotational speed in revolutions per
37

Figure 3.2. Illustration of ball movement within a planetary ball mill as rotational rate is
increased. Image adapted from reference by Burmeister, et al.121
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second, t is time in seconds, m is the mass of the powder in grams, d is the diameter of
the balls in meters, D is the density of the vials and balls in g/m 3, W is the diameter of the
vial in meters, and R is the interaxial distance between the center of the vial and the
center of the disk in meters.
Although the model attempts to mathematically describe energy transferred while
running a planetary ball mill, it does not quantitatively describe energy transferred to a
powder sample. The discrepancy between these two values is in part due to the energy
lost to the environment. Among other variables, the equation also does not consider the
hardness of the vial/ball material or of the powder or the degradation of the vials and balls
as they are used.135
The model has been shown, however, to be capable of qualitatively estimating the
effect of each parameter on a reaction.128 Theoretical analysis of Equation 3 shows that
reaction time (t) should be proportional to the mass of the powder (m) and inversely
proportional to the number of balls (N), the density of the vials and balls (D), and the
rotation rate of both the vial and balls cubed (S3 or s3). This analysis also shows that the
total energy transferred to the powder first increases with ball diameter (d) before
decreasing as the size becomes too large and ball movement is restricted. The reaction
time will change in the opposite fashion (i.e. first decreasing before increasing as ball
diameter increases).135
A parametric study of the above model has been conducted for the
mechanochemical synthesis of LSO:Ce powder. This study allows the optimization of the
reaction by systematically reducing reaction time while also exposing problems arising
from vial/ball degradation, contamination, and side reactions.
3.2.4. Liquid-Assisted Grinding
Although many mechanochemical syntheses are conducted under solvent-free
conditions, the presence of a small amount of liquid has been shown to accelerate some
reactions and has even allowed some previously impossible mechanosyntheses to occur.
These processes involving liquids are commonly referred to as liquid-assisted grinding
(LAG), solvent-assisted grinding, or solvent-drop grinding. The liquid is these reactions
may be directly added to the vessel, or it may be a liquid by-product of the solid-state
39

reaction, such as water from a hydrate, or material that has melted on the particle
surface.119, 136-138
LAG is believed to facilitate more intimate mixing between solids reactants. The
added liquid may act as a solvent for one or more of the solid reactants, which would aid
in transport through convection or diffusion. This theory is partially supported by
experimental evidence which suggests that facilitation of mechanochemical reactions is
dependent on solvent type.119, 136-137 This dependence means screening of solvents is
especially important.
The presence of a small amount of liquid may lead to higher product yields during
mechanochemical reactions. The addition of these solvents can lead to a favorable partial
dissolution of the reactants. In solvent-based reactions, complete dissolution of the
reactants leads to a decreased product yield. However, in LAG, the minimal amount of
solvent results in only a small portion of the reactants dissolving, possibly leading to
higher product yields.136
LAG has also been shown to increase the crystallinity of the products. It is believed
that in these cases, the product may partially dissolve in the solvent, forming a
supersaturated solution at the grain surface. Repeated dissolution and recrystallization
may lead to higher crystallinity overall.136
The amelioration of the reaction or improved crystallinity of the product have been
shown to be dependent on the solvent used, which suggests dissolution plays a role in
the process. Screening of solvents with varying polarities is therefore important in
determining the efficacy of LAG in each individual reaction. Some previously-used
solvents in LAG are water, methanol, ethanol, 1-propanol, and DMF.119-120, 136, 138
3.2.5. Instrumentation
All mechanochemical productions of LSO:Ce powder were conducted using a
Fritsch Pulverisette 7 Premium Line planetary ball mill. This instrument has a set S:s ratio
of 1:-2 and an R of 0.07 m. Syntheses were run in air using Si3N4 (D = 3.25 g/cm3), ZrO2
(D = 5.7 g/cm3), or WC (D = 14.9 g/cm3) vials and balls. All vials had volumes of 45 mL
and interior diameters of 0.045 m.
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3.3. LSO:Ce Standards
As one method of identifying the successful synthesis of LSO:Ce, PXRD reference
patterns were obtained for Lu2O3, SiO2, CeO2, stoichiometrically-mixed starting materials,
and crystalline LSO:Ce powder (Figure 3.3). The PXRD patterns of Lu2O3, SiO2, and
CeO2 powders were obtained because they were the starting materials used for all ball
mill syntheses. These powders were then mixed in stoichiometric ratios for the possible
production of Lu2SiO5 with 0.05% Ce doping. To ensure thorough mixing without
perceptible reaction, the materials were milled at 850 rpm in a Si3N4 vial with seven 10mm balls for 30 min. As can be seen in the PXRD of these starting materials, the mixed
starting materials’ pattern consists of Lu2O3 and SiO2 peaks. CeO2 peaks are not visible
in the mixture’s pattern due to its low stoichiometric amount.
Crystalline LSO:Ce powder was produced by hand-grinding disks of Czochralskigrown crystals obtained from a commercial supplier. The resulting powder was then
milled at 850 rpm for 45 min in a Si3N4 vial with seven 10-mm balls to further reduce
particle size. This powder will hereafter be referred to as the LSO:Ce Std. Separate single
crystals were milled for up to 48 h to obtain amorphous LSO:Ce powder. The LSO:Ce Std
pattern consists of peaks exclusively for LSO:Ce with the space group C 1 2/c 1. As the
LSO:Ce crystals were milled for longer durations of time, these LSO:Ce peaks became
less intense and peaks corresponding to Si3N4 appeared, indicating both the
amorphization of the LSO:Ce crystal and the degradation of the vial over time. This
transition can be seen in the PXRD in Figure 3.4.
Photoluminescence measurements were conducted for hand-ground and milled
Czochralski-grown LSO:Ce (Figure 3.5). The maximum excitation and emission
wavelengths of 357 nm and 410 nm, respectively, of the LSO:Ce Std approximately match
those seen in the literature for Czochralski-grown LSO:Ce. A drastic decrease in intensity
occurs after two hours of milling, possibly indicating a quick loss of crystallinity during this
initial milling. As the powder becomes more amorphous, the photoluminescence intensity
decreases to nearly background intensity. This loss of photoluminescence is expected in
the absence of the LSO:Ce crystalline structure.
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Figure 3.3. PXRD patterns of (a) Lu2O3, (b) SiO2, (c) CeO2, (d) stoichiometrically-mixed
starting materials to produce Lu1.999Ce0.001SiO5 powder, and (e) Czochralski-grown
LSO:Ce, which was hand ground and milled for 45 min to reduce particle size.
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Figure 3.4. PXRD patterns of crystalline LSO:Ce milled for up to 48 h. PXRD patterns
depict the transition that occurs during milling from crystalline LSO:Ce to amorphous
LSO:Ce. Powders were produced from hand-ground crystals of LSO:Ce that were milled
in a Si3N4 vial with seven 10-mm, Si3N4 balls at 850 rpm for up to 48 h.
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Figure 3.5. PL excitation (λem = 410 nm) and emission (λex = 357 nm) spectra for
Czochralski-grown LSO:Ce crystals which were hand ground and then milled for up to 24
h.
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3.4. Initial Dry Mechanochemical Synthesis of LSO:Ce
The mechanosynthesis of LSO:Ce was first investigated using ball mill parameters
suggested by the ball mill supplier. The results of this original synthesis led to a parametric
study of this production method, the addition of reductants to test their effect on
luminescence, and experimentation of LAG during the LSO:Ce mechanochemical
synthesis.
3.4.1. Experimental Method
Lu2O3, SiO2, and CeO2 were obtained from commercial sources and had 99.99%
or higher purity. The starting oxides were mixed stoichiometrically to form 4 g of
Lu2SiO5:Ce with 0.05% Ce doping. These oxides were milled at 850 rpm in a 45-mL Si3N4
ball mill vial with seven 10-mm Si3N4 balls. Samples were collected at 30 min and in onehour increments up to 9 h. The LSO:Ce powder was then microwave sintered to
approximately 1800 ºC, followed by furnace sintering at 1100 ºC for 8 h. Separate
samples were solely furnace sintered to 1100 ºC for 4 hours.
3.4.2. Results
The synthesis of LSO:Ce from starting material oxides was monitored through
PXRD. Figure 3.6 shows the normalized PXRD patterns of LSO:Ce synthesized through
the Czochralski method followed by grinding into a powder (LSO Std) and of a
stoichiometric mixture of Lu2O3, SiO2, and CeO2 milled for up to 9 h. At 30 min and 1 hour
of grinding, the mixture’s pattern consists only of starting oxide peaks. By two hours,
peaks for monoclinic LSO:Ce with C 1 2/c 1 symmetry appear. These peaks increase in
intensity as milling time increases while the starting material peak intensities gradually
decrease. At four hours of milling, no observable peaks of the starting materials are
present. The pattern’s peak positions and relative intensities match theoretical values for
monoclinic LSO:Ce with the C 1 2/c 1 space group.46 Milling for a longer duration of time
(up to 9 h) does not appear to change the crystal structure.
LSO:Ce produced through ball milling for 4 h was then sintered. Comparison of the
PXRD of the unsintered, microwave-sintered, and furnace-sintered LSO:Ce (Figure 3.7)
shows refinement of the peak shapes after sintering by either method, which indicates
crystallite growth in the LSO:Ce powder as is typical with sintering as the crystallites
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Figure 3.6. PXRD patterns of Lu2O3, SiO2, and CeO2 powders after mechanochemical
treatment for up to 9 h. The LSO Std was synthesized through the Czochralski method,
crushed, and then milled for 45 m to decrease particle size.
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Figure 3.7. PXRD spectra of LSO:Ce (a) without sintering, (b) with microwave sintering,
and (c) with furnace sintering. The peak used in the Scherrer equation calculations is
marked with an arrow.
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aggregate. This growth was confirmed using the Scherrer equation, which gave crystallite
sizes of 26 nm, 31 nm, and 39 nm for the sample before sintering, after microwave
sintering, and after furnace sintering, respectively.
All samples both before and after sintering appear to be nonporous at the
magnifications used with a wide distribution of sizes and shapes as can be seen in the
SEM micrographs in Figure 3.8. Prior to sintering, the 4-h milled sample showed a size
range of 75 nm to 40 µm. An average particle size of 804 nm was determined using DLS,
which supports with range found by SEM. Following microwave sintering and furnace
sintering, the ranges were measured as 80 nm to 55 µm and 100 nm to 225 µm,
respectively. Although these ranges significantly overlap, there may be a minor indication
that particle size is increasing slightly with microwave sintering and more significantly with
furnace sintering.
Photoluminescence excitation and emission spectra were measured as a second
form of identification and to ensure that at least partial reduction of the Ce 4+ to Ce3+ had
occurred (Figure 3.9). In the spectra for samples milled for 4 h without sintering and with
furnace sintering, the maximum excitation wavelength is 357 nm while the emission
showed a broad band between 395 nm and 430 nm centered at 410 nm. These bands
represent the 4f to 5d transitions and the 5d → 2FJ (J = 5/2 or 7/2) transitions,
respectively.17,

39-41

These values correspond to those typically seen with C 1 2/c 1

LSO:Ce.61 The microwave-sintered powder did not fluoresce, but PL decay time was
measured. These conflicting data indicate that fluorescence decreases in intensity below
the measurement capabilities of the fluorimeter but is still present. The quenching of
LSO:Ce fluorescence typically occurs through three different routes: (1) the presence of
hydroxide groups, (2) oxidation of Ce3+ to Ce4+, and (3) the presence of oxygen
vacancies. As there is no evidence that hydroxides groups occur as a result of microwave
irradiation of oxides, this option was not likely the cause of the photoluminescence
quenching.139-140 The microwave-sintered, mechanochemically-produced sample was
therefore furnace heated in air, which would decrease the concentration of oxygen
vacancies without reducing any Ce4+ within the sample. The characteristic peaks for C 1
2/c 1 LSO:Ce were present in the resulting PL excitation and emission spectra, which
48

Figure 3.8. SEM images of powder subjected to 4 h of mechanochemical treatment (a-b)
before sintering, (c-d) after microwave sintering, and (e-f) after furnace sintering.
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Figure 3.9. PL excitation (λem = 410 nm) and emission (λex = 357 nm) spectra for LSO:Ce
synthesized through mechanochemistry. Spectra were measured of powders before
sintering, with microwave sintering, with furnace sintering, and with microwave sintering
followed by furnace sintering.
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suggests the most likely reason for the PL quenching was the presence of oxygen
vacancies. All spectra showed a small peak between the wavelengths 475 nm and 500
nm, which has not yet been identified and is believed to be related to the instrumentation
as it is seen with all samples.
PL lifetimes of the 4-h milled powder before and after sintering were calculated
from the decay curves show in Figure 3.10. Each of the curves was fitted with two decay
time components: a longer component of 25-27 ns and a shorter component of 7-9 ns.
The longer decay matches the literature values for the UV excitation of Ce 3+ in LSO:Ce.40,
141

The source of the second component is undetermined although it has been seen in

previous LSO:Ce investigations.40, 142 It is believed that this shorter component may be
due to instrumental factors.
3.5. Application of the Burgio-Rojac Model to the Mechanochemical Synthesis of
LSO:Ce
The Burgio-Rojac equation was used to optimize the ball mill parameters for the
dry mechanochemical synthesis of LSO:Ce. This study investigated the changes in
reaction time caused by variations in the powder mass (m), the ball and vial density (D),
the number of balls (N), the main disk rotation rate (S), and the ball diameter (d).
3.5.1. Experimental Method
Lu2SiO5:Ce

(with

0.05%

Ce

doping)

powder

was

synthesized

using

stoichiometrically-mixed Lu2O3, SiO2, and CeO2. These powders were then milled in air
in 45-mL vials made of Si3N4, ZrO2, or WC with balls made of the same material. A list of
the experiments conducted with their reaction times can be seen in Table 3.1.
3.5.2. Results
The reaction times seen in Table 3.1 were determined by conducting PXRD
measurements of the powders every hour during milling with occasional measurements
taken below 1 h for powders reacted in WC vials. As evidenced by the reaction times, the
samples follow the general predictions from the Burgio-Rojac model. In other words, the
reaction time required for complete mechanochemical synthesis decreases as the mass
of the powder decreases, the number of balls increases, the density of the vials and balls
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Figure 3.10. Decay time spectra for powder subjected to 4 h of mechanochemical
treatment (a) before sintering, (b) after microwave sintering, and (c) after furnace
sintering.
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Table 3.1. Parameters and reactions times from Burgio-Rojac model experiments for the synthesis of LSO:Ce
in a planetary ball mill
Vial and Ball
Material
Si3N4

ZrO2

Density of
Vial and Balls
(g/cm3)
3.25

5.7

Mass of
Powder
(g)
4

Number
of Balls
3

Diameter
of Balls
(mm)
10

Rotational
Rate (rpm)
850

Reaction
Time
NR

Crystallite
Size (nm)
-

4

7

10

850

4h

26

4

11

10

850

3h

-

4

7

10

400

NR

-

4

7

10

650

9h

-

2

7

10

850

2h

32

8

7

10

850

10 h

23

4

11

10

700

6h

-

4

3

15

700

10 h

-

4

3

10

850

NR

-

4

7

10

850

4h

31

4

11

10

850

2h

-

4

7

10

400

NR

-

4

7

10

650

6h

-

2

7

10

850

2h

32

8

7

10

850

10 h

20

4

11

5

850

NR

-

4

11

10

700

4h

-
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Table 3.1. (continued)
Density of
Vial and Ball Vial and Balls
Material
(g/cm3)
ZrO2, cont.
5.7
WC

14.3

Mass of
Powder
(g)
4

Number
of Balls
3

Diameter
of Balls
(mm)
15

Rotational
Rate (rpm)
700

Reaction
Time
5h

Crystallite
Size (nm)
-

4

3

15

650

7h

20

4

3

10

850

NR

-

4

7

10

850

1h

31

4

11

10

850

30 min

-

4

7

10

400

NR

-

4

7

10

650

2h

-

2

7

10

850

45 min

-

8

7

10

850

2h

-

4

7

10

650

1h

-

4

11

10

700

1h

-
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increases, the rotation rate increases, and the ball diameter increases (within the
variations used).
Powder Mass
The Burgio-Rojac model predicts increased reaction times with increased powder
mass. This correlation is clearly seen in the synthesis of 2 g, 4 g, and 8 g of LSO:Ce in
Si3N4 vials with seven 10-mm Si3N4 balls and a disk rotation of 850 rpm. The
proportionality can be seen in the PXRD patterns (Figure 3.11), which show reaction
times of 2 h, 4 h, and 10 h for 2-g, 4-g, and 8-g samples, respectively.
Vial and Ball Density
The densities of Si3N4, ZrO2, and WC are 3.25 g/cm3, 5.7 g/cm3, and 14.3 g/cm3.
For all samples run in these vials, reactions times for Si3N4 and ZrO2 samples were
typically similar while reaction times for WC samples were consistently lower. The effect
of density on reaction time was most evident with 4 g of powder using seven 10-mm balls
and a main disk rotational rate of 650 rpm. As vial and ball density increased (3.25 g/cm 3
to 5.7 g/cm3 to 14/3 g/cm3), the reaction time decreased (9 h to 6 h to 2 h).
Number of Balls
As the number of balls added to the vials during synthesis was increased, the
reaction time decreased. This inverse proportionality was illustrated by syntheses using
4, 7, and 11 balls in all systems (Si3N4, ZrO2, and WC) with all other parameters constant
(4 g of powder, 10-mm balls, and a disk rotational rate of 850 rpm). In all syntheses
involving three balls, no reaction occurred within 10 h of milling, indicating that the
collisional and cumulative energy were not sufficiently high for a complete reaction.
Syntheses using seven balls (Si3N4: 4 h; ZrO2: 4 h; WC: 1 h) were always longer than
syntheses using eleven balls (Si3N4: 3 h; ZrO2: 2 h; WC: 30 min).
Rotational Rate
According to the Burgio-Rojac model, the reaction time should decrease with
increasing rotational rate. For the production of LSO:Ce powder, disk rotational rates of
400 rpm, 650 rpm, and 850 rpm were used for all systems with 4 g of powder and seven
10-mm balls. These experiments followed the Burgio-Rojac model’s estimated trend. In
all systems run at 400 rpm, no reaction occurred within the 10 h milling period, suggesting
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Figure 3.11. PXRD patterns depicting the effects of variations in powder mass (top: 2 g,
middle: 4 g, bottom: 8 g) during mechanochemical synthesis of LSO:Ce in a planetary
ball mill. All other parameters were held constant (Si3N4 vials and balls, seven 10-mm
balls, 850 rpm rotation rate). The * marked peaks indicative of LSO:Ce at fully reacted
timepoints.
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greater collisional or cumulative energy is required for complete formation of LSO:Ce.
Complete reaction did occur in all systems run at 650 rpm and 850 rpm with reactions in
experiments run at 650 rpm (Si3N4: 9 h; ZrO2: 6 h; WC: 2 h) requiring longer milling
times than experiments run at 850 rpm (Si3N4: 4 h; ZrO2: 4 h; WC: 1 h).
Diameter of Balls
Ball sizes were increased from 10 mm to 15 mm in Si3N4 and ZrO2 systems, which
appeared to increase the reaction time. Syntheses involving three 10-mm balls added to
4 g of powder and milled at 850 rpm did not react within 10 h. In comparison, milling runs
with three 15-mm balls added to 4 g of powder and milled at 700 rpm resulted in complete
synthesis of LSO:Ce within 10 h (Si3N4: 10 h; ZrO2: 5 h).
The correlation between ball size and reaction time was also demonstrated by
comparing the ZrO2 system with 4 g of powder, eleven 5-mm balls, and a rotational speed
of 850 rpm to the ZrO2 system with 4 g of powder, eleven 10-mm balls, and a rotational
speed of 700 rpm. With 5-mm balls at a faster rotation, LSO:Ce powder was not produced
within 10 h whereas the reaction with 10-mm balls at a slower rotation occurred in 4 h.
In each of these comparisons, the milled powder was run at faster rotation rates
for smaller ball sizes. The increased rotation should theoretically be decreasing the
reaction time as discussed in the “Rotational Rate” section, but the decreased ball size
decreases the energy imparted to the powder enough to prevent the reaction from
occurring within the 10 h milling. In comparison, there is sufficient energy transfer by
larger balls at slower rotational speeds.
3.5.3. Degradation, Contamination, and Particle Size
Throughout this parametric study of the mechanochemical synthesis of LSO:Ce
powder, several issues with the milling process were observed. The most common issue
which arose involved the degradation of the vials and balls, which contaminated all
samples. This contamination was first evident in all systems as the powder color shifted
from white to gray or black as milling time increased. This color change was most
perceptible in LSO:Ce powders synthesized using WC vials and balls, which may indicate
greater amounts of impurity.
The contamination by vial material was further verified through PXRD. In the 2-g
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powder sample milled in a WC vial with seven 10-mm WC balls at 850 rpm for 2 h (Figure
3.12), WC peaks appeared in the pattern. Si3N4 contamination was not seen in PXRD
except after 24-48 h of milling the Czochralski-grown crystal (Figure 3.4) although it must
be significant due to the drastic color change of the powder.
Contamination of the LSO:Ce powder by ZrO2 presented differently than either
Si3N4 or WC impurities. As can be seen in PXRD patterns of LSO:Ce powder synthesized
in a ZrO2 vial with seven 10-mm balls and a rotational rate of 850 rpm (Figure 3.13a),
ZrO2 reacted with LSO:Ce powder to form Lu4Zr3O12. This reaction between LSO:Ce and
ZrO2 was further demonstrated by milling Czochralski-grown LSO:Ce crystals in the ZrO2
vial, which once again resulted in the formation of Lu 4Zr3O12 as indicated by the PXRD
measurements (Figure 3.13b).
The effects of the degradation of the vials increased the longer they were used.
This intensified influence was most apparent using the Si3N4 and ZrO2 vials, which can
be seen in the PXRD in Figure 3.14. With Si3N4 vials, the reaction time required to produce
LSO:Ce increased. As can be seen in the PXRD, powders synthesized using a newlypurchased vial and a three-year-old vial with all other conditions held constant (4 g of
powder, seven 10-mm balls, and a rotational rate of 850 rpm) had reaction times of 4 h
and 6 h, respectively. This increase in reaction time is believed to be caused by increased
padding within the vial as it is used and degraded.135 With ZrO2 vials, the increased effect
of degradation can be seen in the decreased time in which Lu 4Zr3O12 formed. In a sample
synthesized in 2014, complete formation of Lu2Zr3O12 occurred in 10 h; in 2018, this same
reaction occurred in 6 h when using the same vial.
3.6. Addition of Reductants to the Dry Mechanochemical Synthesis of LSO:Ce
As can be seen in the characterization of the initial dry mechanochemical reaction,
the luminescence intensity is fairly low. Reductants, specifically Zn and Mg, were added
in an attempt to reduce any remaining Ce4+ to Ce3+. This reduction may increase the
intensity of the photoluminescence excitation and emission intensities.
3.6.1. Experimental Method
For these reactions, Lu2O3, SiO2, and CeO2 were stoichiometrically combined to
form LSO:Ce with 0.05% Ce doping. Zn or Mg powders were added with Zn/Mg:Ce molar
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Figure 3.12. PXRD pattern revealing the degradation of WC vials during the
mechanochemical synthesis of LSO:Ce. In this experiment, 2 g of LSO:Ce powder were
milled in a WC vial with seven 10-mm WC balls using a rotational rate of 850 rpm for 2 h.
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Figure 3.13. PXRD patterns depicting the reaction of LSO:Ce with ZrO 2. (a) The
mechanochemical synthesis and subsequent reaction of 2 g LSO:Ce in a ZrO 2 vial with
seven 10-mm ZrO2 balls and a rotation rate of 850 rpm. (b) The reaction of hand-ground,
Czochralski-grown LSO:Ce in a ZrO2 vial with seven 10-mm ZrO2 balls and a rotation rate
of 850 rpm.
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Figure 3.14. PXRD patterns depicting the effect of Si3N4 (top) or ZrO2 (bottom) vial
degradation over time. In the top sets of patterns, 4-g of LSO:Ce powder was synthesized
in new (left) and three-year-old (right) Si3N4 vials with seven 10-mm Si3N4 balls rotated at
850 rpm. In the bottom sets of patterns, 2-g of LSO:Ce was synthesized in the same ZrO2
vial in 2014 (left) and 2018 (right) with seven 10-mm balls rotated at 850 rpm.
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ratios of 1:1. Each powder was milled at 850 rpm in a Si 3N4 vial with seven 10-mm balls
for up to 8 h with aliquots removed every 2 h.
3.6.2. Results
PXRD patterns were measured for each aliquot from each reaction to determine
the optimum reaction time. All samples reacted in 4-6 h as with the initial dry synthesis of
LSO:Ce. Any difference in reaction time is believed to be caused by degradation of the
vial.
The fluorescence from powders collected at the optimum reaction times were
measured and compared to the initial dry mill reaction. As can be seen in Figure 3.15, no
significant difference was seen in the fluorescence with the addition of Mg, but there was
a slight increase in the fluorescence intensity with the addition of Zn. This increase may
be caused by reduction of a small portion of Ce4+ to Ce3+. It could also be caused in part
by the solid-state sample preparation during fluorescence measurements. As mentioned
in Section 3.3, the presence of amorphous LSO:Ce would drastically decrease the
fluorescence intensity, which would explain the low intensity from all samples
mechanochemically-synthesized powders. Further studies must be conducted to
determine the degree to which Ce4+ has caused the low photoluminescence intensity and
the degree to which it is caused by amorphous LSO:Ce.
3.7. Liquid-Assisted Mechanochemical Synthesis of LSO:Ce
Following the successful synthesis of LSO:Ce by the initial dry grinding method,
liquid-assisted grinding (LAG) was attempted to decrease the reaction time.
3.7.1. Experimental Method
During these processes, the oxides were mixed in the same manner as during dry
grinding with the addition of 900 μL of various solvents. These solvents included water,
methanol, ethanol, 0.05 M disodium ethylenediaminetetraacetate (EDTA) in water,
dimethylsulfoxide (DMSO), dimethylformamide (DMF), 1-octanol, an aqueous solution of
Lu3+, and an aqueous solution of SiO32-. The combined powders and solvents were milled
at 850 rpm in Si3N4 vials with seven 10-mm balls, and samples were taken in 2-h
increments up to 8 h.
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Figure 3.15. PL excitation (λem = 410 nm) and emission (λex = 357 nm) spectra of LSO:Ce
powder synthesized by mechanochemistry using Si3N4 vials with seven 10-mm, Si3N4
balls rotated at 850 rpm. The spectra correspond to LSO:Ce powder produced without
any additives (black), with the addition of Zn (red), and with the addition of Mg (blue).
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3.7.2. Results
Through PXRD patterns, the reaction time was determined for each LAG
synthesis. All LAG experiments had longer reaction times than the initial dry synthesis.
LAG with water and EDTA caused an increase in reaction time to 8 h while reactions
using methanol and ethanol occurred in 6 h. DMF and 1-octanol LAG resulted in no
formation of LSO:Ce within 8 h of milling. The longer reaction times suggest that oxides
are not dissolving or forming a supersaturated solution prior to crystallizing into LSO:Ce
in any of these systems. They may also indicate that the solvent must evaporate prior to
the start of the reaction.
Aqueous solution of Lu3+ and Na2SiO3 were added separately for LAG to attempt
to initiate ion exchange during milling. The reaction time during LAG using an aqueous
solution of Lu3+ was 8 h. This matches the reaction time with the addition of water, which
indicates that the increase in Lu3+ within the system does not aid or hinder the reaction.
The addition of an aqueous solution of Na2SiO3 led to the formation of lutetium pyrosilicate
(Lu2Si2O7, LPS), which is expected with the addition of excess silicon.
3.8. Conclusion
Mechanochemistry using a planetary ball mill is a fast, room-temperature
technique using little or no solvent. In the synthesis of LSO:Ce powders, it could negate
the need for expensive Ir crucibles, high temperatures, long reaction times, and the use
of large amounts of solvent. This solvent-free mechanochemical production of LSO:Ce
powder has been successfully accomplished and proven to be faster than LAG. The
solvent-free technique has been parametrically studied to demonstrate decreasing
reaction times as mass of the powder decreased, number of balls increased, density of
the vials and balls increased, rotation rate of the disk/vial increased, and ball diameter
increased (within the variations used). These observations follow general trends predicted
by the Burgio-Rojac model. Throughout this work, vial and ball degradation was
monitored and shown to lead to decreased crystallinity, longer reaction times, and
significant contamination, especially when using ZrO2 which reacted with the powder to
form Lu2Zr3O12. Additionally, reductants (Zn and Mg) were added to the initial starting
materials. These additives led to a minor increase in the reduction of Ce 4+ to Ce3+ during
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milling without altering the structure.
Sintering of the powder in a microwave led to PL quenching which was caused by
the formation of oxygen vacancies. This issue did not occur with the use of a furnace for
sintering, and furnace sintering was able to restore the PL of the microwave-sintered
powder.
Through this work, it was determined that the dry mechanochemical production of
LSO:Ce is an attractive synthetic approach due to its short reaction time, lack of solvent,
scalability, and simplicity. The process warrants further studies to form smaller particles
with a narrower size distribution and to optimize the process for industrial scale
applications.
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CHAPTER 4
THE COMBUSTION SYNTHESIS OF
CERIUM-DOPED LUTETIUM OXYORTHOSILICATE POWDERS
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A portion of the work presented in this chapter was published by Melissa N. Bailey
and George K. Schweitzer:
Bailey, M. N.; Schweitzer, G. K., The mechanochemical and solution combustion
syntheses of cerium-doped lutetium oxyorthosilicate powder. J Alloy Compd 2018, 734,
258-265.
All work presented in this chapter was conducted by Melissa Bailey with
advisement from George K. Schweitzer.
4.1. Abstract
The synthesis of Lu2SiO5:Ce (LSO:Ce) powders was attempted through solution
and gel combustion using urea and hexamethylenetetramine both separately and as a
mixture for fuel. Of these synthetic processes, the mixed-fuel solution combustion method
was able to successfully produce LSO:Ce powders and was most easily replicable. This
method produced LSO:Ce powders with a combination of the P 1 21/c 1and C 1 2/c 1
space groups, which were compared to mechanochemically-produce LSO:Ce powders
with C 1 2/c 1 symmetry. These powders were characterized before and after furnace
and microwave sintering using powder X-ray diffraction (PXRD), photoluminescence (PL)
excitation and emission spectroscopy, time-correlated single photon counting (TCSPC),
dynamic light scattering (DLS) for particle size analysis (PSA), and scanning electron
microscopy (SEM).
4.2. Introduction
4.2.1. Combustion Reactions
The first nanoparticle synthesis using solution combustion methods occurred in the
1980s with the thermal decomposition of metal hydrazinecarboxylates. These exothermic
decompositions could be conducted at 125-250 °C and produced fine metal oxide
powders and large amounts of gases. Following these reactions, α-alumina was produced
using aluminum nitrate nonahydrate as the oxidizer and urea as the fuel. Both materials
were dissolved in water and heated to 500 °C to initiate combustion.143 Since these initial
studies, countless metal oxides materials have been made through similar processes.143145

These syntheses involve a variation of one general process, which is depicted in
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Figure 4.1. A fuel and oxidizer are dissolved in a solvent (usually water). In some
syntheses, these solutions are partially dried below the boiling point of the solvent to form
a gel. The undried solution or the gel can then be placed in a preheated furnace or on a
preheated hot plate. The water evaporates, and foam forms. This foam then ignites as
combustion occurs, allowing the foam material to reach higher temperatures than that of
the initial heat source. One alternative method to ignition is inducing ignition in a small
portion of the gel material and allowing the combustion reaction to self-propagate
throughout the remainder of the gel. These combustion syntheses typically produce
polycrystalline nanopowders.143
These combustion reactions and their products are affected by several
parameters, including fuel selection, fuel-to-oxidizer ratio, the temperature at which
ignition occurs, the initial amount of water (or solvent), and the ratio of the mass of the
mixture to the volume of the container.146-147 These factors can affect the product
produced, the crystallite size, and the particle size.
The solution combustion (SC) and gel combustion (GC) processes are favored
because they are quick, facile syntheses that require simple equipment and relatively low
temperatures. Combustion synthesis allows homogeneous mixing of the metals at the
molecular level because it starts with an aqueous solution. The large amounts of gases
released during combustion expand the solid product, which leads to a fast decrease in
the temperature once the reaction is over. This leads to the production of porous powders
and to the possibility of forming multiple products.143, 145-146
4.2.2. Oxidizers, Fuels, and Solvents
Combustion reactions can be categorized based on their oxidizer, fuel, and
solvent. Some possible solvents are water, kerosene, benzene, ethanol, methanol, and
formaldehyde. Of these, water is most commonly used. The solvents are used to dissolve
the oxidizer and fuel, which leads to more homogenous mixing even down to the
molecular level. This mixing allows the reaction to form a more uniform product. 143
The most common oxidizers in these reactions are nitrates because they decompose at
low temperatures and are soluble in water. Nitrates can be in the form of metal nitrates,
ammonium nitrate, or nitric acid. With metal nitrates, the nitrate acts as the oxidizer while
68

Figure 4.1. Illustration of the general process of combustion synthesis. Solid arrows
represent the solution combustion method while dotted arrows represent the deviation
from the process to conduct gel combustion synthesis. In this gel combustion method, a
step is added in which the mixed materials are partially dried below the boiling point of
the solvent. This drying results in the formation of a gel, which can then be heated to
ignition.
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the metal forms the solid metal oxide product.143, 146
Urea, glycine, sucrose, glucose, citric acid, hydrazine, and derivatives of hydrazine
like hexamethylenetetramine are a few examples of fuels used in combustion
reactions.143,

145

These fuels are carbon and hydrogen sources which have highly

exothermic decomposition reactions. Most are chosen because they are soluble in water,
ignite at low temperatures, produce large quantities of gases upon decomposition with
little to no residue, do not react explosively with metal nitrates, are commercially available,
and are inexpensive.143, 145-146
There are several important factors to consider in the selection of these materials.
The combustion between the fuel and oxidizer should not be violent. The release of large
amounts of these gases should allow the heat to dissipate quickly and reduce particle
contact during the reaction.146 Finally, the fuel should complex with the metal ion, which
helps optimize homogeneity.143, 145-146
Mixture of Fuels
Although many of the first combustion syntheses involved the use of only one fuel,
a novel mixture-of-fuels approach has recently become increasingly popular. These
combinations allow more control of the reaction by combining fuels with different negative
heats of combustion or complexation proficiency. The method first started with Aruna and
Rajam148 who combined ammonium acetate, glycine, and urea. They saw that this
mixture led to smaller particle sizes in the production of alumina and zirconia when
compared to the single fuel syntheses.148 Soon after Banerjee and Devi149 synthesized
ceria particles using a combination of citric acid and glycine. These particles exhibited
better sinterability than those formed using a single fuel. 149 It is believed that combining
fuels gives better control over the temperature of the flame during the combustion reaction
because of the difference in the fuels’ negative heats of combustion.150-151 For example,
the combination of glycine and citric acid was chosen because glycine is more reactive
but citric acid exhibits less violent reactions.151 Urea and starch have also been used
together. The urea can form stable polymeric intermediates and is less capable of
dissipating heat, but starch has a less negative combustion enthalpy and higher adiabatic
flame temperature. The combination results in a lower flame temperature than reactions
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with urea alone. This lowered temperature reduces the average crystallite size of the
powder because sintering is reduced.152
4.3. Starting Material Production
In each of the following solution and gel combustion syntheses, solutions of
Lu(NO3)3 and Ce(NO3)3 were used. These materials were first synthesized from the
lanthanide (III) oxides, i.e. Lu2O3 and Ce2O3. Powders of each of these oxides were added
to concentrated HNO3. These mixtures were gently heated while stirring until the oxide
dissolved to form lanthanide (III) nitrate solutions. The resulting Lu(NO3)3 solutions had
concentrations ranging from 0.4 M to 0.6 M while the Ce(NO 3)3 solutions had
concentrations ranging between 2 M and 3M.
4.4. Single-Fuel Solution Combustion Synthesis of LSO:Ce Powder
Urea was used as the single fuel in initial studies of the solution combustion
synthesis of LSO:Ce powder because it has commonly been used in previous solution
combustion syntheses.145-146 Following these experiments, urea was replaced by
hexamethylenetetramine because its combustion is more exothermic. 153
4.4.1. Experimental Method
This synthesis method was conducted based on previous processes by Blair, et
al.39 and Yukihara, et al.17 Aqueous solutions of Lu(NO3)3 and Ce(NO3)3 were produced
by dissolving Lu2O3 and Ce2O3 powders in HNO3. These solutions were mixed in an
evaporation dish with either fumed silica or TEOS (tetraethoxysilane) (with the addition of
approximately 0.5 mL of isopropyl alcohol to aid with miscibility) to form 2 g of LSO:Ce
with 0.05% Ce doping. In syntheses with urea, a 1:16 molar ratio (Lu+Ce+Si:urea) was
used. The mixtures were placed in a furnace pre-heated to 650 °C. The sample was
removed from the furnace after complete combustion. A portion of the resulting powder
was then sintered in a microwave for 7 min to approximately 1800 °C.
The combustion syntheses were then repeated with hexamethylenetetramine
using molar ratios (Lu+Ce+Si:hexamethylenetetramine) of 2:9 and 2:1. The mixtures were
combusted on a hot plate to allow the reaction process to be observed. The resulting
products were not sintered following combustion.
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4.4.2. Results
PXRD patterns were measured for all syntheses using urea. Representative
examples of these PXRD patterns are in Figure 4.2. As can be seen in the patterns
shown, the solution combustions involving urea showed only peaks for Lu 2O3. Following
sintering, LSO:Ce peaks and low-intensity lutetium pyrosilicate peaks became evident in
the PXRD pattern. The formation of the LSO:Ce following sintering may indicate that
although the combustion was capable of decomposing Lu(NO 3)3 into Lu2O3, it was not
exothermic enough to react that Lu2O3 with the fumed SiO2 to form LSO:Ce. PXRD
patterns measured for syntheses with urea and TEOS showed only Lu 2O3 peaks both
before and after sintering.
Hexamethylenetetramine was therefore used as a fuel as it has a more exothermic
combustion reaction. A synthesis using a molar ratio of 2:9 was attempted first. This
combustion was more violent than reactions with urea. Most of the water evaporated, the
solid remaining turned brown before forming a foam. The foam combusted with a sudden,
large flame which resulted in the loss of a significant portion the sample.
To reduce the explosiveness of the reaction involving hexamethylenetetramine, a
molar ratio of 2:1 was attempted. In this reaction, the water evaporated, and then a yellowbrown gas was emitted until the sample was completely dry. A white film formed at the
bottom of the beaker, but there was not enough recoverable product in either method
using hexamethylenetetramine to measure PXRD patterns.
4.5. Mixed-Fuel Solution Combustion Synthesis of LSO:Ce
Due to the limited success of single-fuel solution combustion synthesis, LSO:Ce
powder

synthesis

was

attempted

using

a

combination

of

urea

and

hexamethylenetetramine as the fuel. This combination may allow a less violent reaction
to occur while also increasing the exothermicity of the reaction to produce LSO:Ce without
further sintering.
4.5.1. Experimental Method
A 0.42-M solution of Lu(NO3)3 and a 2.21-M solution of Ce(NO3)3 were combined
to form a mixed solution with a Lu-to-Ce molar ratio of 1.999:0.001 for 0.05% Ce doping.
Fumed SiO2 was added to this solution (Lu-to-Si molar ratio of 2:1). This suspension was
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Figure 4.2. PXRD patterns from single fuel urea-based solution combustion syntheses of
LSO:Ce. Syntheses used either fumed silica (a-b) or TEOS (c-d) as the silicon source,
and PXRD patterns were measured before (a, c) and after (b, d) sintering the powders.
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added to a mixture containing 3.23 g of urea and 0.44 g of hexamethylenetetramine (a
17:1 molar ratio). This mixture was heated to 650 ºC in a MTI Corporation KSL 1100X
furnace for approximately 30 min. During this time, vigorous boiling was observed
followed by combustion of the mixture. The products were removed when the temperature
of the furnace returned to approximately 650 °C. These solution combustion materials
were microwave sintered for 7 min to approximately 1800 ºC. Separate samples were
heated in the furnace to 1100 ºC for 4 hours.
The combustion reaction portion of this synthesis was then repeated with constant
molar ratios of LSO:Ce starting materials and fuels but with various nitrate solution
volumes between 10 mL and 35 mL. These mixtures were heated in beakers on a hot
plate heated to approximately 430 °C until combustion completed.
4.5.2. Results
The normalized PXRD patterns of LSO:Ce powders synthesized through the initial
solution combustion method before and after sintering are displayed in Figure 4.3. The
peaks observed before sintering in the SC synthesized powders are indicative of the
presence of monoclinic LSO:Ce with a mixture of the P 1 21/c 1 space group and the C 1
2/c 1 space group.17, 39, 46 A weak signal of Lu2Si2O7 (LPS) can also be observed in the
pattern. As with the LSO:Ce crystal and the LSO:Ce nanophosphors synthesized using
the ball mill, the C 1 2/c 1 space group has the two crystallographically unique Lu ion sites
having oxygen coordinations of six and seven. The LSO:Ce with P 1 21/c 1 symmetry also
has two crystallographically unique Lu ion sites but with oxygen coordination numbers of
seven and nine. The main 2θ values corresponding to the C 1 2/c 1 space group and the
P 1 21/c 1 space group are listed in Table 2.1 with their Miller indices and relative
intensities.46-47 For each space group, the peak positions of the patterns quantitatively
match the theoretical values while their intensities semi-quantitatively match the
theoretical values of the overlapping patterns. The C 1 2/c 1 space group is typically seen
in high temperature reactions with the oxyorthosilicates of the smaller rare earth ions
while the P 1 21/c 1 space group is typically seen in lower temperature reactions involving
the oxyorthosilicates of the smaller rare earth ions.43,

48-50, 154

These results would

therefore indicate the reaction occurred with varied temperature throughout the sample
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Figure 4.3. PXRD patterns of LSO:Ce synthesized through mixed-fuel solution
combustion method (a) without sintering, (b) with microwave sintering, and (c) with
furnace sintering. The peaks used in the Scherrer equation calculations are marked with
arrows.
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or near the transition temperature between the two phases.
After microwave sintering, the peaks for the C 1 2/c 1 space group become more
prominent while the P 1 21/c 1 peaks have similar intensities to those before sintering.
With the furnace-sintered material, the C 1 2/c 1 peaks are more intense than the peaks
in the microwave-sintered material’s spectrum, and the P 1 21/c 1 peaks have almost
disappeared. This behavior is similar to that of Y2SiO5:Ce. For this compound, the P 1
21/c 1 material is stable up to 1100 °C and will convert to the C 1 2/c 1 space group at
higher temperatures.48-50 This conversion from one phase to the other shows the greater
stability of the C 1 2/c 1 phase at higher temperatures for lanthanide oxyorthosilicates.
From the PXRD spectra in Figure 4.3, crystallite sizes were calculated through use
of the Scherrer equation. Peaks were selected for analysis due to their lack of overlap
with other peaks rather than their intensity. Because the spectra have significant overlap
within the majority of the peaks and because the chosen peaks have low intensity,
multiple fitting methods within the X’Pert HighScore program were utilized, leading to a
range of particle sizes for each material and phase. The peaks chosen for crystallite size
analysis of the C 1 2/c 1 space group material were 14.7° and 15.2°, which correspond
to the Miller indices (2 0 0) and (1 0 0). For analysis of the P 1 21/c 1 material, peaks at
16.6° and 19.2° with the Miller indices (1 0 0) and (0 0 -1), respectively, were chosen. The
crystallite sizes calculated for C 1 2/c 1 phase were 39-52 nm for the unsintered powder,
39-53 nm for the microwave sintered powder, and 31-62 nm for the furnace sintered
powder. For the P 1 21/c 1 phase, the crystallite sizes calculated were 30-62 nm for the
unsintered material and 26-35 nm for the microwave sintered material. Considering the
significant error associated with the peak fitting process and with the Scherrer equation’s
β and K variables, no judgement can be made about trends in these data, given the
ranges of the crystallite sizes.155
SEM was used to determine the morphology and particle size distribution of this
SC synthetic material before and after sintering (Figure 4.4). Although the sizes and
shapes of the samples vary significantly within each sample, all samples showed
evidence of significant porosity within the particles.
The particle size distributions of the unsintered and microwave-sintered samples
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Figure 4.4. SEM images of LSO:Ce powder synthesized through solution combustion
method (a-b) before sintering, (c-d) after microwave sintering, and (e-f) after furnace
sintering at different magnifications.
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were also determined using SEM with PSA measurements to verify the results. The DLS
measurements were conducted at approximately 25 ºC in quadruplicate for the SCS
material before sintering and triplicate after microwave sintering. From the SEM, the
ranges for the unsintered, microwave-sintered, and furnace-sintered materials were 65
nm to 43 µm, 100 nm to 59 µm, and 80 nm to 60 µm, respectively. The average particle
sizes from the PSA were 576 nm before sintering and 837 nm after microwave sintering.
Each of the averages falls within the range given by SEM. As with the
mechanochemically-synthesized LSO:Ce, particle size seems to increase with sintering.
Figure 4.5 presents the photoluminescence excitation and emission spectra of
LSO:Ce nanophosphors synthesized through initial mixed-fuel solution combustion
method. For the material before sintering, the excitation spectrum used an emission
wavelength of 435 nm, and the emission spectrum used an excitation wavelength of 369
nm. The excitation and emission spectra display a red shift in the peaks when compared
to powdered Czochralski-grown LSO:Ce with peaks at about 369 nm and about 435 nm,
respectively. This shift corresponds to LSO:Ce nanophosphors with the space group P 1
21/c 1, but are attributed to the same transitions as with the C 1 2/c 1 space group.17, 39
The larger Stokes shift of the P 1 21/c 1-type crystal indicates greater dopant-lattice
coupling than the C 1 2/c 1-type crystal.156 Both the PL excitation and emission spectra
of the microwave-sintered and furnace-sintered materials show a shift toward lower
wavelengths and a broadening of the emission band. The shift is consistent with the
increased crystallinity of the LSO:Ce with the C 1 2/c 1 space group within the sample,
and the broadening may indicate greater splitting of the 4f levels in LSO:Ce with the C 1
2/c 1 space group. Microwave-sintered powders had slightly decreased intensities for
their excitation and emission spectra, which was most likely due to the presence of
oxygen vacancies in the crystal structure as was similarly concluded in Chapter 3.
Decay time measurements were plotted in Figure 4.6 for this solution combustion
synthesized LSO:Ce before sintering and after microwave and furnace sintering. Each
curve was best fitted using two components representing two lifetimes. The shorter
lifetimes for the unsintered, microwave-sintered, and furnace-sintered materials were 8
ns, 15 ns, and 18 ns, respectively. The longer lifetimes for the three samples were 34-39
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Figure 4.5. PL excitation and emission spectra for LSO:Ce synthesized through solution
combustion. Spectra were measured of powders before sintering (λem = 435 nm; λex = 369
nm), with microwave sintering (λem = 423 nm; λex = 357 nm), and with furnace sintering
(λem = 410 nm; λex = 357 nm).
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Figure 4.6. Decay time spectra for LSO:Ce powder synthesized through solution
combustion method (a) before sintering, (b) after microwave sintering, and (c) after
furnace sintering.
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ns. The longer components match the literature value for the excitation of Ce 3+ in LSO:Ce
while the source of the shorter component is not known.40, 141-142
The use of beakers and a hot plate when varying mixture volumes allowed the
synthesis to be monitored during combustion. Once the beaker was placed on the hot
plate, the solution boiled until most of the solvent had evaporated. A white and brown
foam then formed, typically to four times the volume of the original solvent at the
concentrations used. Gas was then released from the foam until only a small amount of
foam remained. Flame ignition then occurred, leaving a white and brown powder. PXRD
patterns for these solution combustion syntheses were measured to test replicability and
scalability. All patterns matched those of the initial solution combustion synthesis, which
indicates the process is highly replicable and scalable, which is crucial for its use in
industry.
4.5.3. Comparison of the Mechanochemical Synthesis and Solution Combustion
Synthesis of LSO:Ce
This initial mixed-fuel solution combustion method of producing LSO:Ce (SCLSO:Ce) allows comparisons to be made with mechanochemically-synthesized LSO:Ce
(MC-LSO:Ce) in which stoichiometrically-mixed oxides were milled for 4 h in a Si3N4 vial
with seven 10-mm Si3N4 balls at 850 rpm (described in Section 3.4). The most significant
difference between the LSO:Ce powders is their symmetry. As can be seen through both
PXRD (Figure 4.7) and photoluminescence (Figure 4.8) measurements, MC-LSO:Ce has
C 1 2/c 1 symmetry while SC-LSO:Ce has a mixture of P 1 21/c 1 and C 1 2/c 1 symmetry.
This mixture of phases in the SC-LSO:Ce red-shifts the photoluminescence spectra which
may result in a smaller degree of self-absorption during radiation measurements.17, 39
Ceramics of the material would have C 1 2/c 1 symmetry regardless of the method due
to the shift in phase with heating, and mechanochemistry is a more direct route to this
symmetry.
Comparison of the photoluminescence measurements of microwave-sintered SCLSO:Ce and MC-LSO:Ce shows a decrease in intensity in both excitation and emission
spectra when compared to unsintered SC-LSO:Ce and MC-LSO-Ce. This intensity
decrease suggests that the cause must be related to the LSO:Ce itself rather than a
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Figure 4.7. PXRD comparison of mechanochemically-synthesized LSO:Ce (MC) and
solution combustion-synthesized LSO:Ce (SC). Peaks used for Scherrer equation
calculations of crystallite size are marked with arrows.
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Figure 4.8. PL excitation and emission spectra for LSO:Ce synthesized through
mechanochemical (λem = 410 nm; λex = 357 nm) and solution combustion (λem = 435 nm;
λex = 369 nm) methods.
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product of the synthetic method. It was determined that the loss in intensity for the MCLSO:Ce was caused by an increase in oxygen vacancies (as described in Section 3.4.2);
it can therefore be assumed that oxygen vacancies would also decrease the intensity for
SC-LSO:Ce.
The

signal-to-noise

ratio

(S/N)

is

much

higher

for

the

SC-LSO:Ce

photoluminescence measurements. This high S/N may be indicative of greater Ce 3+
concentrations, greater crystallinity, fewer oxygen vacancies, or greater dopant
dispersion.39 All of which would make solution combustion a more favorable method of
producing LSO:Ce powders and ceramics.
Both before and after sintering, the photoluminescence decay times of the SCLSO:Ce at 34-39 ns was slightly longer than that of the MC-LSO:Ce at 25-27 ns. These
analyses directly measure the decay time of the Ce3+, so they will vary as the crystal
structure around the dopant shifts. The symmetry differences between the two powders
may cause the variation in decay times, but they are still within the error of what is
commonly measured for Ce3+ in LSO:Ce.
Crystallite sizes cannot currently be compared due to the significant error involved
in the use of the Scherrer equation for SC-LSO:Ce because of the mixed phases and the
need to use lower intensity peaks. Based on SEM, their particle size ranges (Table 4.1)
were similar with a slight increase with sintering. This increase is minimal and may be
due to the error of the measurements and the small sample size.
As seen in the SEM image (Figure 4.9) Both samples were a wide range of sizes
and shapes. However, the SC-LSO:Ce was considerably more porous than the MCLSO:Ce due to gas evolution during combustion. More experimentation is necessary to
determine how this porosity would affect the formation of ceramics.
Both the SC and MC methods involve simple, scalable reactions with short reaction
times. In selecting mechanochemistry or solution combustion as a synthesis method for
LSO:Ce, the final application and most beneficial properties must be taken into account.
Mechanochemistry allows the more direct route to producing C 1 2/c 1-type LSO:Ce
although the vials and balls themselves do contaminate the powder. MC synthesis also
involves a room temperature reaction with no solvents. Conversely, SC-LSO:Ce has
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Table 4.1. Particle size ranges for LSO:Ce synthesized through solution
combustion and mechanochemistry.

Synthesis Method

Processing

Particle Size Range

Solution Combustion

No Sintering

65 nm - 43 μm

Microwave Sintering

Mechanochemistry

100 nm - 59 μm

Furnace Sintering

80 nm - 60 μm

No Sintering

75 nm - 40 μm

Microwave Sintering

80 nm - 55 μm

Furnace Sintering
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100 nm - 225 μm

Figure 4.9. SEM comparison of particle morphology following the mechanochemical (left)
and solution combustion (right) syntheses of LSO:Ce powders.
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better S/N with photoluminescence measurements which may indicate greater dopant
dispersion, greater dopant concentrations, greater crystallinity, or fewer oxygen
vacancies. It has shorter reaction times and is more easily scalable. However, it does
produce porous powders which may affect future pressing of ceramics. With either
method, more study is necessary before use in industry, but both show promise for future
applications.
4.6. Gel Combustion of LSO:Ce Powder
In several previously-conducted gel combustion syntheses, the prepared solutions
were first dried at temperatures below the boiling point of the solvent to form a gel. This
gel was then combusted.19, 157-160 Studies were conducted to determine if the LSO:Ce
synthesis and structure would vary between solution combustion and gel combustion,
using both single and mixed fuel methods.
4.6.1. Experimental Method
Single Fuel Method
In these syntheses, the lutetium(III) nitrate and cerium(III) nitrate solutions were
combined with fumed silica with Lu:Ce:Si molar ratios of 1.99:0.01:1. The molar ratio of
these elements-to-urea was 3:5. These precursors were combined to produce between
0.4 g and 2.0 g of LSO:Ce. After mixing the precursors in a 50-mL beaker, they were
partially dried in an oven at 70 °C overnight. The gels were then placed on a hot plate
preheated to approximately 430 °C until combustion completed.
Mixed Fuel Method
Stoichiometric ratios of aqueous solutions of lutetium(III) nitrate and cerium(III)
nitrate were combined with fumed silica to form 0.25-2.50 g of Lu1.99Ce0.01SiO5. Urea and
hexamethylenetetramine

were

added

with

a

molar

ratio

of

4:17:1

(Lu+Ce+Si:urea:hexamethylenetetramine). The precursors were either partially or
thoroughly dried overnight at 70 °C and then placed on a hot plate preheated to
approximately 430 °C until combustion was completed.
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4.6.2. Results
Single Fuel Method
Partially drying the mixtures of urea and the staring materials of LSO:Ce resulted
in a tacky (i.e. sticky) film at the bottom and on the sides of the beaker which became
stickier as initial solution volume increased. Combustion of these films results in powder
which ranged in color from white to yellow as the initial volume increased. As can be seen
the representative pattern in Figure 4.10, PXRD measurements showed primarily
amorphous material with low intensity peaks which could not be identified.
Mixed Fuel Method
The drying time of the mixed fuel samples was varied between experiments.
Samples were dried to form a gel (usually containing some white solid), solely white solid
flakes, or yellow solid flakes. With the combustion of the white crystals and gels, yellowbrown gas evolved, but ignition did not occur. PXRD patterns (Figure 4.11) showed Lu 2O3
and an unidentifiable contaminant. During the combustion of dried samples which were
yellow crystals, a yellow-brown foam formed from the solid and deflated before flame
ignition occurred. PXRD pattern (Figure 4.11) showed that these combustions resulted in
the formation of LSO:Ce with both P 1 21/c 1 and C 1 2/c 1 symmetry. The differences
between these reactions were most likely caused by variations in drying. More
experimentation is required to determine why and how the yellow solid formed and why it
was able to ignite while the gel/white solid did not.
4.7. Conclusion
Through

urea/hexamethylenetetramine-nitrate-based

solution

combustion,

LSO:Ce powders were successfully produced with a mixture of P 1 21/c 1and C 1 2/c 1
symmetries, which shifted to solely C 1 2/c 1 symmetry upon subsequent heating. These
powders had a better signal-to-noise ratio for its photoluminescence spectra than those
of mechanochemically-produced LSO:Ce powders, which may indicate greater
dispersion of Ce3+, higher concentrations of Ce3+, or fewer oxygen vacancies. A similar
method using urea/hexamethylenetetramine-nitrate-based gel combustion, which adds a
slow drying step prior to ignition, was also effective, but it required an extra drying step
and was not reliably replicable.
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Figure 4.10. Representative PXRD pattern from an attempt to form LSO:Ce by gel
combustion using urea as the fuel.
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Figure 4.11. Representative PXRD patterns following the mixed-fuel gel combustion
syntheses of LSO:Ce. The dried material before combustion consisted of (a) gels and/or
white flakes of solid or (b) yellow solid flakes.
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The mixed-fuel solution combustion production of LSO:Ce provides an appealing
synthetic approach owing to its short reaction time, scalability, simplicity, and replicability.
Due to these advantages, further studies into the effect of other fuels and optimizing the
process for industrial use is merited.
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CHAPTER 5
EXPLORATORY STUDIES INTO THE SYNTHESIS OF OPTICALLY-ACTIVE β-GEO2
AND α-QUARTZ NANOPARTICLES USING CHIRAL TEMPLATING
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AGENTS

5.1. Abstract
Initial studies were conducted to synthesize optically-active α-quartz nanoparticles
using enantiomeric optically-active β-GeO2 as a template. First, an attempt was made to
template chirality in β-GeO2 nanoparticles with an enantiomeric excess using L-lysine and
(R)-(+)-1,2-diaminopropane as capping/templating agents. No measurable optical activity
through polarimeter or CD measurements was observed for the synthesized
nanoparticles with either capping agent. The formation of a racemic mixture is most likely
due to insufficient adsorption of the templating agent as confirmed by FTIR and TGA-MS.
Separately, tetraethoxysilane and germanium (IV) ethoxide were hydrolyzed in one
solution in an effort to produce α-quartz with β-GeO2 as a template. This powder was
subsequently heated in various basic solvents to crystallize α-quartz. Heating with
solutions containing NaOH, NH4OH, and Ba(OH)2 resulted in partial or complete reaction
of the powders. Powders heated in CsOH solutions did not show measurable
contamination through PXRD, but α-quartz did not crystallize, which was verified by
PXRD and electron diffraction measurements.
5.2. Introduction
5.2.1. Previously-Synthesized Optically-Active Nanoparticles
Before the potential applications of optically-active nanomaterials can be fully
explored, a better understanding of chiral materials and their optical activity must be
achieved. Improvements must first be made in the synthesis of novel chiral nanoparticles
and in the control of their chiral structure and optical activity. These improved and/or newly
explored properties can then be applied in the research of chiral nanoparticles’
functionalities.
The majority of studies on chiral nanoparticles has occurred within the last five
years with focus primarily on induced-chirality with materials like Au, Ag, CdS, CdSe,
CdTe, ZnO, WO3-x·H2O, and TiO2.73, 84-92 Recently, attention has shifted slightly toward
intrinsically-chiral optically-active metal (e.g. Se and Te) and metal sulfide (e.g. HgS)
nanoparticles. The syntheses of these chiral nanoparticles have thus far involved lowtemperature (<100 °C) reactions. These low temperatures allow the use of a wide variety
of capping agents because racemization is less likely to occur than in a high-temperature
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synthesis. Research of chiral nanoparticles has not yet addressed intrinsically-chiral
nanoparticles which require higher temperatures for production. At these high
temperatures, many chiral capping agents would quickly racemize or decompose, but the
exploration of high-temperature syntheses might further our understanding of inorganic
chirality in nanoparticles.96-98
5.2.2. β-GeO2 and α-Quartz
Two materials which exhibit intrinsic chirality in their macroscopic structures are βGeO2 and α-quartz (α-SiO2). Both materials have monoclinic crystal structures composed
of corner-linked SiO4 tetrahedra (Figure 5.1). These linked-tetrahedra form either a righthanded (P 32 2 1 space group) or a left-handed (P 31 2 1 space group) spiral. The
structures are mirror-images of each other and rotate light in opposite directions. 161-163
Large optically-active crystals of each material are relatively simple to produce.
Chiral quartz crystals are found in nature and can be separated into their enantiomers
through mechanical methods. Optically-active crystals can also be grown by a
hydrothermal method in which silica is dissolved in water in an autoclave above 350 °C.
A seed crystal of a single enantiomer of quartz is added to grow crystals with a matching
enantiomeric structure.164 Although β-GeO2 crystals are not found in nature, they can be
grown through similar hydrothermal methods as α-SiO2, using temperatures below 185°C
and quartz seed crystals to promote the formation of one enantiomer over the other. 165
Optically-active nanoparticles of β-GeO2 and α-quartz have not previously been
produced although there have been several nanoparticle syntheses for racemates of
each. Rac-β-GeO2 nanostructures in particular have been synthesized through a wide
variety of techniques including co-precipitation, laser ablation, thermal oxidation, sol-gel,
chemical vapor deposition, hydrothermal methods, electrospinning, reverse micelle, and
germanate decomposition.166-173
Davis, et al.174 first synthesized β-GeO2 nanoparticles in 2007 to compare the
hydrolysis of tetraethoxysilane (TEOS, Si(OEt)4) to the hydrolysis of germanium (IV)
ethoxide (TEOG, Ge(OEt)4). In this reaction, Ge(OEt)4 was combined with water, ethanol,
and in some cases lysine while vigorously stirring the solution at room temperature. The
hydrolysis resulted in approximately 100 nm or larger particles.
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Figure 5.1. Mirror-image crystal structures of β-GeO2 (P 31 2 1) and α-quartz (P 32 2 1).
Although each material can form either space group, there are minor differences in the
lattice parameters. Images created from data in reference by Lignie, et al.161
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In 2010, Ramana, et al.169 started their β-GeO2 powder synthesis by heating GeO2
in water. NH4OH was added, which led to the formation of soluble germanate ions. When
nitric acid (HNO3) was added, a white precipitate formed. These GeO 2 particles were
about 500 nm in diameter.
In an attempt to decrease the size of the GeO2 nanoparticles, Javadi, et al.170 also
synthesized crystalline β-GeO2 nanoparticles at room temperature through germanium
(IV) ethoxide hydrolysis. In this process, size was controlled by varying the water content
(10 (v/v)% to >70 (v/v)%) of the solvent with sizes ranging from approximately 13 nm to
0.5 μm. The smallest nanoparticles were produced using a 10 (v/v)% water solution.170
In 2015, Nejaty-Moghadam, et al.172 and Esmaeili-Bafghi-Karimabad, et al.171
attempted syntheses using GeCl4. Nejaty-Moghadam, et al.172 added GeCl4 to a solution
of acetylacetone (acac) and ethylene glycol (EG), varying the acac:GeCl4 molar ratio.
Water was then added to the solution dropwise while heating to various temperatures,
and the mixture was stirred until a precipitate formed. The smallest nanoparticles at
approximately 70 nm were formed using an acac:GeCl4 molar ratio of 2:1 and a
temperature of 110 °C while adding water. Esmaeili-Bafghi-Karimabad, et al.171 added
GeCl4 to solutions of EG and one of three acids (citric acid, maleic acid, and succinic acid)
with various ratios of acid:EG. The mixture was stirred for approximately 1 h until a gel
formed. After the gel formed, water was added dropwise while heating, and the mixture
was stirred until a white precipitate formed. Using citric acid, an acid:EG molar ratio of
1:3, and 90 °C while adding water, 10-20 nm nanoparticles were formed.
The synthesis of α-quartz requires higher temperature (>200 °C) and pressure
reactions, longer reaction times, or complicated additives compared to the synthesis of
β-GeO2 nanoparticles. The first evidence of nanocrystalline α-quartz formation was
observed by Mackenzie, et al.175 in 1971 when a mixture of sea water and powdered αquartz was agitated on a shaker for three years. Over this period of time, the silica
concentration in the water increased before small α-quartz crystals began to appear on
the surface of the powder.175
This observation was followed in 2003 with the growth of sub-micron and
nanoparticle α-quartz. Huang, et al.176 heated opal (amorphous silica) in sea water,
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distilled water, or an aqueous 0.5-M KOH solution to 50-450 °C with pressures between
50 MPa and 3 GPa. Their results show that increasing the pressure increases the
nucleation and growth rates of sub-micron α-quartz powder.176 In the same year, Bertone,
et al.177 formed particles of α-quartz by heating amorphous silica in a 0.1-M NaOH solution
from room temperature to 200-300 °C at a ramp rate of 6 °C/min. At temperatures above
250 °C, α-quartz precipitated in less than 5 h. Although this precipitate contained powders
with sizes up to 440 nm, the particles could be partially separated by size with the smallest
samples at 18 ± 5 nm.177 A third publication in this area by Li, et al.178 combined 0.25-M
NaOH and amorphous silica, produced by adding HCl to an aqueous sodium silicate
solution. This mixture was heated to 210 °C under vapor pressure for 26 h to produce
sub-micron particles of α-quartz with sizes ranging from 50 nm to 300 nm and an average
size of 182 nm.178
A few years later, Bansal et al.179 used the fungus Fusarium oxysporum shaken at
200 rpm for 24 h with rice husks, which contain silica, to form protein-capped α-quartz at
room temperature. These nanocrystals were approximately 2-6 nm within a biomolecular
matrix.179
In 2011, Jiang, et al.180 first formed silica nanoparticles by the Stöber method in
which water, ethanol, and ammonium hydroxide are combined and TEOS is added
dropwise while stirring. Sodium chloride and either sodium hydroxide or potassium
hydroxide were added, and the solution was heated to approximately 200 °C with 1.5
MPa of pressure for 3 days. The reaction led to the formation of 45-nm α-quartz
nanoparticles.180
This study was followed in 2015 by Sochalski-Kolbus, et al.181 In this study, TEOS,
toluene, oleic acid, and ethanol were combined with 0-0.45 g of NaF and heated to 300
°C under pressures of 79-91 bar for 14-18 h. Without NaF, nanorods with lengths of 100
nm to a few micrometers and diameters of 10-100 nm formed. With the addition of NaF,
these rods shortened and became more spherical.181
Most recently, Hargreaves, et al.182 used microemulsions to form α-quartz
nanoparticles.

Two

microemulsion

systems

were

used:

Triton

X-114

(TX-

114)/cyclohexane, and sorbitane monooleate (Span 80)/polyoxyethylene (23) lauryl ether
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(Bij 30)/heptane. At low concentrations of sodium metasilicate (<6 wt% in the TX114/cyclohexane system and <7.5 wt% in the Span 80: Brij30/heptane system) and low
pH, α-quartz nanoparticles formed at room temperature. Above these concentrations,
cristobalite and amorphous silica were seen.182
The major differences between the syntheses of α-quartz and the syntheses of βGeO2 are their required temperatures and pressures, which makes them ideal for
studying chiral templating. The low temperatures involved in the production of β-GeO2
nanoparticles could allow optically-active capping agents to be used to template chirality
in the nanoparticles without significant racemization or decomposition of the organic
compound. The same capping agents are not viable templating agents for α-quartz due
to its higher reaction temperature. The optically-active β-GeO2 nanoparticles must
therefore be used as templating agents by coating optically-active α-quartz on the surface
of the nanoparticles.
5.2.3. Capping Agents
Current methods of inducing optical activity in nanoparticles involve chiral capping
agents. These capping agents allow favorable interactions between enantiomers, thus
initiating the formation of one nanoparticle enantiomer in excess during crystal growth.
Chiral capping agents are typically selected based on their commercial availability and
the presence of multiple functional groups, which have been shown to affect the success
of templating chirality in nanoparticles.183-184 Two common examples of these capping
agents are cysteine and penicillamine. The presence of a thiol group leads to greater
adsorption strengths with HgS, Se, and Te.78, 80, 82
Of the amino acids, lysine, arginine, and tyrosine (Figure 5.2) have been shown
through DFT calculations or experimental studies to adsorb strongly to either silica or
quartz surfaces, which have similar properties to β-GeO2 surfaces.185-189 Alanine
enantiomers have also been shown to interact differently with an optically-active quartz
surface, which has been shown through enantiomeric separations of the amino acid. 70, 75
Following the pattern that these amino acids present, structures which involve multiple
amine groups with various carbon chain lengths between them may aid in templating an
enantiomeric excess of β-GeO2 during nanoparticle production. 1,2-Diaminopropane
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Figure 5.2. Potential capping agents for templating optical-activity in β-GeO2 nanoparticle
synthesis.
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(Figure 5.2) would be one option for comparison with the above-listed amino acids as it
has a shorter hydrocarbon chain, no carboxyl group, and amine groups on neighboring
carbons.
5.3. Materials
Hydrolysis solvents were produced using MilliporeSigma ACS grade ethanol
absolute (≥99.5%), Fisher Scientific molecular biology grade water, and Alfa Aesar
aqueous ammonium hydroxide (28-30%) (NH4OH). Alfa Aesar TEOG (≥99.995%) and
TEOS (99+%) were used as precursors for GeO2 and SiO2, respectively. VWR L(+)Lysine monohydrochloride (98.5-101.5% purity, Lys) powder and Sigma Aldrich (R)-(+)1,2-diaminopropane dihydrochloride (99% purity, DAP) were used as chiral capping
agents.
For heating SiO2/GeO2 powders, solvent reagents included MilliporeSigma ACS
grade ethanol absolute (≥99.5%), Fisher Scientific molecular biology grade water, Fisher
Chemical acetone (ACS grade), Fisher Chemical methanol (ACS grade), Alfa Aesar
aqueous ammonium hydroxide (28-30%) (NH4OH), Mallinckrodt Chemical Works NaOH
pellets, Alfa Aesar CsOH (50% (w/w) in aqueous solution), and Mallinckrodt Chemical
Works anhydrous Ba(OH)2.
5.4. β-GeO2 Nanoparticle Synthesis Replication
The β-GeO2 synthesis utilized by Javadi, et al.,170 produced racemic nanocrystals
with diameters smaller than 20 nm. In this procedure, TEOG was added to a solution of
NH4OH in water/ethanol (10 (v/v)% H2O). The precipitate was collected by centrifugation,
washed with ethanol, and dried. This process produced pseudospherical β-GeO2
nanoparticles with diameters of approximately 13 ± 3 nm. This particular method was
selected for replication due to the small size of the nanocrystals produced at room
temperature and no need of a capping agent.170
5.4.1. Experimental Method
Solvents consisted of 90 (v/v)% ethanol, 10 (v/v)% H2O, and 0-10-1 M NH4OH.
While stirring vigorously, TEOG (≥99.995%) was added dropwise (100 μL TEOG per 1.00
mL solvent). A clear/white gel formed immediately and was dispersed by the stirring. The
mixture continued to be stirred for 24 h, producing a white suspension. The white solid
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was collected and washed twice with ethanol through centrifugation. The collected
powder was then dried overnight at approximately 60-65 °C.
5.4.2. Results
PXRD patterns of the dried powders showed the successful production of β-GeO2
through this method for all NH4OH concentrations as can be seen in Figure 5.3. Crystallite
sizes were calculated from these patterns based on the 26.0° 2θ peak, which has the
highest intensity and best resolution. An increase in crystallite size was seen with
increasing NH4OH concentration with approximately 10-20 nm crystallites for 0-10-3 M to
approximately 45 nm for 10-1 M.
5.5. L-Lysine-Capped β-GeO2 Nanoparticles
Lysine is insoluble in the ethanol/water (10 (v/v)% H2O) solvent used in the Javadi,
et al., synthesis of β-GeO2; therefore, the method of synthesizing β-GeO2 was changed
to the process used by Davis, et al.174 This method produced Lys-germanate sols, which
crystallized into β-GeO2 particles. In this synthesis, TEOG was added dropwise to a
solution of lysine (Lys) in water and ethanol with molar ratios of x Lys: g GeO 2: 9500 H2O:
4g ethanol (x=0, 5.8 and 0≤g≤60). This process resulted in 100 nm particles of GeO2.
This work was first replicated with higher Lys:GeO2 molar ratios in an attempt to template
an enantiomeric excess of β-GeO2.
Following these syntheses, the Lys concentration was increased further to
determine its effect on templating an enantiomeric excess. These increased
concentrations may either increase the rate of capping agent exchange on the surface of
the nanoparticle or aid in the adsorption of higher concentrations of the capping agent.
5.5.1. Experimental Method
VWR L(+)-Lys monohydrochloride (98.5-101.5% purity) powder was added to a
solution of water and ethanol. The solution was rapidly stirred until Lys fully dissolved
before TEOG was added dropwise. Lys:GeO2:H2O:ethanol molar ratios of x:6:950:24
(x=0.6-8.0) were used. The solutions were stirred for 24 h, which produced a clear/white
gel that slowly changed to a white solid. This solid was collected and washed twice with
water using centrifugation before drying overnight at 60-65 °C.
Higher concentrations were then used to shift the capping agent equilibrium toward
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Figure 5.3. PXRD patterns for β-GeO2 nanoparticles synthesized through the Javadi, et
al.170 method (a) without NH4OH and using (b) 10-3 M or (c) 10-1 M NH4OH.
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greater adsorption concentrations. The first higher-concentration reaction used 5.00 g Lys
in 10 mL H2O in which all the Lys dissolved for an approximately 2.7 M Lys solution. The
second higher-concentration reaction used 5.00 g Lys in 5 mL H2O in which the Lys did
not fully dissolve. To both solutions, 750 μL TEOG was added dropwise while vigorously
stirring. As with the previous syntheses, the solid was collected and washed twice with
water using centrifugation. The washed powder was dried overnight at 60-65 °C.
5.5.2. Results
The successful production of β-GeO2 was verified through PXRD. Through the
Scherrer equation using the 26.0° 2θ peak, the crystallite size was calculated to be
approximately 65 nm for all samples regardless of the ratio of Lys:GeO 2 used.
The mass percentages of adsorbed compounds on the surface of nanoparticles
synthesized with x=1 and x=2 were determined using TGA. Samples were first heated
from room temperature to 900 °C at 100 °C/min and then kept at 900 °C for 20 min to
ensure complete desorption and decomposition of the capping agents. A representative
spectrum of these measurements is shown in Figure 5.4 from the TGA of GeO 2 powder
produced in the presence of Lys (Lys-GeO2), where x=2. As GeO2 does not decompose
at these temperatures, the mass difference is attributed solely to the adsorbed
compounds. Using this assumption, the x=1 powder is 1.5% capping agent by mass and
the x=2 powder is 1.7% capping agent by mass. To determine the maximum possible
rotation caused by Lys, it is assumed that the adsorbed molecules consist solely of Lys.
Even with this maximum concentration of the chiral capping agent, the lysine should not
have measurably contributed to optical rotation or circular dichroism caused by the
powders due to its low concentration.
FTIR spectroscopy was used to characterize β-GeO2 nanoparticles with (x=2) and
without the addition of lysine, which can be seen in Figure 5.5. The absorption peak at
~840 cm-1 is attributed to a vibrational mode of the β-GeO2 tetrahedra (Ge‒O‒Ge stretch).
The peak at ~525 cm-1 is characteristic of the hexagonal GeO2 structure as well and is
caused by Ge‒OH stretching. The triplet peaks around 1320-1550 cm-1 may indicate the
adsorption of water on the nanoparticle structure although these peaks are typically
around 1620-1650 cm-1. There is also a broad, low-intensity peak at ~3000-3600 cm-1,
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Figure 5.4. TGA spectrum of Lys-GeO2 (x=2). The temperature was ramped from room
temperature to 900 °C at 100 °C/min and then held at 900 °C for 20 min.
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Figure 5.5. FTIR spectra of β-GeO2 nanoparticles synthesized (top) in the presence of
Lys (x=2) and (bottom) without Lys.
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which is usually seen with this adsorption.171-173 With the low intensity of the adsorbed
molecules’ peaks, these spectra suggest greater adsorption of water than lysine but do
not discount the presence of a small concentration of lysine on the surface.
As the FTIR results are inconclusive, TGA-MS was run on the x=1 Lys-GeO2
powder. The powder was heated in a N2 atmosphere from room temperature to 600 °C
at 10 °C/min in an attempt to increase the resolution of the MS; however, the material did
not fully degrade. This lack of total decomposition of the capping agent is seen by the
constant decrease in mass up to 600 °C and led to a slowly increasing ion current
amperage rather than peaks in the MS. Representative examples of the combined TGA
and MS data can be seen in Figure 5.6. These data verified fragments with m/z of 17, 18,
29, and 40. While fragments with m/z of 17 and 29 may result from several possible
adsorbed compounds, the data confirm the presence of H2O on the surface (m/z = 18)
and may also confirm the presence of Lys. The most likely fragments with a m/z of 40 are
C3H4 and CH2CN, which could only result from Lys in this powder. Between the FTIR and
MS spectra, it can be assumed that if Lys is adsorbed on the surface of β-GeO2, it is in
exceedingly small concentrations.
Optical Activity
To determine optical rotation of Lys-GeO2 powders, the rotations of aqueous
solutions with various concentrations of Lys were first measured. Aqueous solutions were
made with Lys concentrations ranging from 0 M to 10 M. Rotations were measured at 365
nm, 436 nm, and 546 nm and used to form Lys optical rotation versus concentration
curves (Figure 5.7) with the best linear fit crossing the y-axis at (0,0) for each wavelength.
These curves were used to determine the degree of rotation in a Lys-GeO2 sample
caused by the Lys. Using these curves in conjunction with TGA, it was verified that Lys
should not contribute any measurable rotation to Lys-GeO2 powders with x=1, 2.
The optical rotation measurements of these nanoparticle samples required the use
of water as a solvent because the samples quickly dropped out of solution with most other
solvents, including methanol, ethanol, acetone, and acetonitrile. Both lysine and β-GeO2
are soluble in water. To ensure minimal dissolution, polarimeter measurements were
made immediately following the production of suspensions of the nanoparticles. These
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Figure 5.6. TGA spectrum for Lys-GeO2 (x=1) powder with overlaid MS data for m/z of
18 and 40.
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Figure 5.7. Plots of optical rotation versus Lys concentration at 365 nm, 436 nm, and 546
nm. Data were fitted using a linear fit with the y-intercept set as (0,0). All R2 values were
>0.99.

108

suspensions were made with low powder concentrations of <0.2 mg/mL because the
particles are opaque. Higher amounts of powder could not be measured with the
polarimeter as the polarized light could not penetrate the entire pathlength through the
sample. Wavelengths of 365 nm, 436 nm, and 546 nm were used as they gave the most
consistent results. Most results are within what is believed to be the error of the instrument
and showed no significant rotation. However, the x=1 and x=2 powder suspensions
measured slightly outside of this error at 365 nm with rotations up to approximately
+0.008° and +0.011°, respectively, possibly indicating a minor enantiomeric excess.
These optical rotation measurements were not replicable.
CD analysis was also used to measure optical activity. The x=1 powder was
measured as it had a higher degree of rotation for linearly polarized light. Concentrations
of 0.9-1.5 mg/mL were used because the shorter pathlength of the CD sample holder (1
mm for CD versus 1 dm for the polarimetry) allowed a higher concentration to be used.
To reduce dissolution during the run, samples were run in 200-210 nm increments. As
can be seen in Figure 5.8, there is one minor peak that appears at approximately 310 nm.
This peak may indicate optical activity of the nanoparticles, but it was not able to be
replicated in following measurements. If the nanoparticles are optically active, this peak
would be caused by defects or distortions in the structure and not come from the structure
itself because β-GeO2 is transparent. The defects/distortions would cause absorption of
the circularly polarized light.
Although β-GeO2 was successfully produced by the Davis, et al.174 method using
Lys, there is no decisive or replicable evidence that the nanoparticles are capped with
Lys or that they are optically active. If the material is optically active, the enantiomeric
excess is minimal and cannot be successfully measured by currently available
instrumentation. There seems to be a small concentration of Lys within the powder, but
this minute amount indicates that the adsorption strength for the capping agent is not high
enough to cause templating of one enantiomer of β-GeO2. It may also suggest that the
distance between the two amine groups is too large to aid in templating or that the
solubility of the Lys was not high enough to successfully cap the particles as the ethanol
concentration increased during hydrolysis.
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Figure 5.8. CD spectra of water (solvent) and Lys-GeO2 powder suspended in water. The
inset shows more detail of the 260-350 nm range in which the peak appeared.
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5.6. (R)-(+)-1,2-Diaminopropane-Capped β-GeO2 Nanoparticles
Lys was then replaced by DAP as a capping agent in the synthesis of β-GeO2
nanoparticles. DAP has greater solubility in ethanol/water mixtures than Lys and a shorter
carbon chain between amine groups. This capping agent also enabled the use of a
Javadi, et al.170 β-GeO2 synthesis variation, which would produce smaller particles with a
greater surface area for capping agent adsorption.
5.6.1. Experimental Method
Powders were prepared using DAP:GeO2 molar ratios of x:6, where x=1, 2. DAP
(70 mg for x=1 and 140 mg for x=2) was added to 8.00 mL of a solution of 90 (v/v)%
ethanol, 10 (v/v)% H2O, and 10-3 M NH4OH. The solution was stirred until the DAP fully
dissolved. 780 μL TEOG was then added dropwise while stirring vigorously. The solutions
were stirred for 24 h, which produced a clear/white gel that slowly changed to a white
solid. This solid was collected and washed twice with ethanol through centrifugation
before drying overnight at 60-65 °C. The resulting powders will be referenced as DAPGeO2.
5.6.2. Results
The successful production of β-GeO2 was confirmed by PXRD for both the x=1
and x=2 syntheses. The crystallite sizes calculated using these patterns were 25-30 nm
for both powders. These smaller crystallite sizes compared to the Lys-GeO2 particles’
crystallite sizes are consistent with previous literature, which shows that decreasing the
volume percentage of water decreases β-GeO2 particle size.170
The mass percentage of capping agent present in the x=1 DAP-GeO2 powders
was determined using TGA. As with Lys-GeO2, portions of the powder were first heated
from room temperature to 900 °C at 100 °C/min and then held at 900 °C for 20 minutes
to ensure complete decomposition of the capping agents. This method showed a mass
percentage of 1.3% capping agent. Under the assumption that the only adsorbed
compound is DAP, this small concentration should have no measurable rotation with the
instrumentation used similar to Lys-GeO2 powders.
Following the TGA measurement, TGA-MS was used to determine if the material
decomposing was DAP in the x=1 DAP-GeO2 powder. The MS data showed the presence
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of fragments with m/z of 18, 29, and 40. The fragment with m/z of 18 is most likely the
result of H2O. The fragment with m/z of 29 could result from DAP or ethanol. As with Lys,
the fragment at m/z of 40 is most likely C3H4 and CH2CN, which suggests at least a small
concentration of DAP within the powder.
Optical Activity
The specific rotation of DAP was assumed to be insignificant during polarimetry
measurements due to its low concentration. This assumption is supported by the results
involving the capping agent Lys, which has a higher specific rotation than DAP.
DAP-GeO2 powders were dispersed in acetone with concentrations of less than 2
mg/mL for polarimetry measurements. At these low concentrations, the solutions were
opaque when using a 1 dm pathlength. The polarimeter was unable to make an accurate
or reproducible measurement for either x=1 or x=2 DAP-GeO2 powders.
DAP-GeO2 (x=2) powders were then dispersed in acetone with starting
concentrations of approximately 0.9-2.0 mg/mL for CD measurements. These spectra
showed no peaks, indicating that there were no chiral defects which may have formed
due to DAP adsorption.
Through this method, β-GeO2 was successfully produced in the presence of DAP
with smaller crystallite sizes than in the previous Lys-GeO2 process. Although there is
some evidence that DAP is present in the powder, its concentration is excessively low.
With no measurable optical activity, this low concentration most likely means the
compound does not adsorb well to the β-GeO2 surface and cannot template an excess of
one enantiomer of β-GeO2.
5.7. Templating α-Quartz Using Racemic β-GeO2 Nanoparticles
The final goal of this work was to template optically-active α-quartz (α-SiO2) using
optically-active β-GeO2 nanoparticles. Templating of α-SiO2 using racemic β-GeO2
nanoparticles was thus attempted to ensure the materials were compatible for this
process.
5.7.1. Crystallizing α-Quartz
Prior to templating α-quartz on β-GeO2, a previous synthesis of α-quartz
nanoparticles was replicated. The Jiang, et al.180 process was chosen because it
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produced small particles at relatively low temperatures. In this method, amorphous Stöber
silica was produced by hydrolyzing TEOS in an NH4OH, H2O, and ethanol solution. αQuartz nanoparticles were synthesized by heating the Stöber silica in NaOH or KOH
solution to 200 °C at 1.5 MPa for 3 days. This method formed 45-nm α-quartz
nanoparticles.180
To replicate this synthesis prior to templating studies, Stöber silica was first
produced by dripping TEOS into vigorously stirred solvent consisting of 50.00 mL
methanol, 3.00 mL NH4OH (28-30%), and 1.00 mL H2O. This solution was stirred for 2
days and collected through centrifugation. Approximately 80 mg of the resulting
amorphous SiO2 powder was then combined with 1 mL aqueous 0.1 M NaOH solution
and 1 mL ethanol. The solution was added to a makeshift steel autoclave made using a
¼-inch hex nipple and two ¼-inch pipe caps, which could hold 2-3 mL of solution. This
autoclave was then heated to 250 °C for 3 days. The PXRD patterns in Figure 5.9 show
an amorphous powder before heating and α-quartz peaks with no contaminant after
heating. The Scherrer equation gives a crystallite size of 53 nm for the α-quartz powder.
5.7.2. Heating β-GeO2 Nanoparticles in NaOH Solution
Following the successful production of α-quartz powder, β-GeO2 powder produced
through the Javadi, et al.170 method was heated to determine the maximum temperature
before structural changes made the nanoparticles achiral. 50 mg of powder was
combined with 1 mL ethanol and 1 mL of 0.1 M aqueous NaOH in a steel autoclave. The
mixture was heated to either 180 °C or 250 °C for 3 days. As can be seen in the PXRD
patterns in Figure 5.10, the GeO2 was contaminated with Ge9Na4O20 at both temperatures
due to the presence of NaOH. At 180 °C, the primary crystal structure remained β-GeO2
while at 250 °C, the crystal structure shifted to α-GeO2, which is achiral.
5.7.3. SiO2/β-GeO2 Powder
After working with each material separately, SiO2 and β-GeO2 powders were
synthesized together in an attempt to template the α-SiO2 at room temperature or to
produce powder which could be heated to induce templating.
Solvents for these reactions were 10-3-10-1 M NH4OH in ethanol/water (10 (v/v)%
H2O). TEOG and TEOS were added dropwise to these solvents while rapidly stirring with
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Figure 5.9. PXRD patterns of (a) Stöber silica and (b) α-quartz powder.
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Figure 5.10. PXRD patterns of heated β-GeO2. Patterns were measured (a) prior to
heating, (b) after heating in a NaOH solution to 180 °C for 3 days, and (c) after heating in
a NaOH solution to 250 °C for 3 days.
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a volume ratio of 10:1:1 (solvent:TEOG:TEOS). The two reagents were added in one of
the following four ways:
1. TEOG and TEOS were mixed and added to the solvent together. This mixing would
possibly lead to Si within the crystallized structure of β-GeO2. This method will be
referred to as the mixed synthesis.
2. TEOS was added to the solvent immediately following the addition of TEOG. The
TEOG would partially form a gel before the addition of TEOS. This method will be
referred to as the 0 h synthesis.
3. TEOS was added 2 h after TEOG which may have allowed a portion of the β-GeO2
to crystallize without TEOS present. This method will be referred to as the 2 h
synthesis.
4. TEOS was added 24 h after TEOG which allowed crystallization of β-GeO2 before
TEOS hydrolyzed. This method will be referred to as the 24 h synthesis.
The mixtures were then stirred for 24 h, after the TEOS was dripped into the solvent. The
resultant powder was collected and washed twice with ethanol by centrifugation before
drying 0.5-3 days at 60 °C.
Results
PXRD patterns (Figure 5.11) reveal the crystallization of β-GeO2 in mixed, 0 h, and
24 h syntheses with vigorous stirring. In mixed, 0 h, and 24 h syntheses in which the gel
decreased the rate of stirring significantly due to a smaller-diameter reaction vessel, the
patterns show the powders are completely or primarily amorphous, indicating that stirring
is crucial to β-GeO2 crystallization. There were no observable α-SiO2 peaks in any
pattern.
PXRD results are representative of the entire powder. There are also patterns
within the database which indicate only minor differences may exist between β-GeO2 and
α-SiO2 patterns. If α-SiO2 templated within or onto the β-GeO2 nanoparticles, it may not
have been observable with PXRD. TEM images with electron diffractions (Figure 5.12)
were obtained to determine the crystallinity of smaller areas of the 0 h-synthesis powder.
The powder consisted of aggregated particles, which appeared to be predominantly
amorphous with only a few diffraction spots visible. This evidence of crystallinity was
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Figure 5.11. PXRD patterns following the hydrolysis of TEOG and TEOS mixtures. (a)
TEOG, (b,e) TEOG and TEOS combined before adding to solvent (mixed synthesis), (c,
f) TEOS added to solvent immediately after the addition of TEOG (0 h synthesis), (d, g)
TEOS added 24 h after adding TEOG (24 h synthesis); (a-d) vigorously stirred, (e-g) gel
formed and reduced stirring rate and time.
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Figure 5.12. TEM images and electron diffraction patterns of SiO 2/β-GeO2 powder
synthesized through hydrolysis.
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made more difficult to obtain by the electron beam sensitivity of the material, which led
crystalline portions of the powder to become amorphous. From the images and
diffractions, it was concluded that the most likely source of any diffraction spots was βGeO2 and that the crystallization of α-SiO2 is insignificant or non-existent at room
temperature.
To verify the presence of SiO2 and GeO2 within the powder, SEM images with EDS
spectra (Figures 5.13-14) were obtained for mixed-synthesis and 0 h-synthesis powders.
Both EDS spectra confirm the presence of Ge, Si, and O with minimal Al and C
contamination. These results show that the SiO2 is not completely removed during the
washing stage of the procedure. Elemental mapping (Figure 5.15) was then employed
for 0 h-synthesis powder to determine if there was separation between the Ge and Si.
These images showed some overlap of the two elements as well as partial separation.
This separation would most likely prevent α-SiO2 from templating.
5.7.4. Heating in Basic Solutions
As templating was not successful at room temperature during the crystallization of
β-GeO2, synthesized SiO2/β-GeO2 powder was heated in various bases to help induce
templating and production of α-SiO2. In these studies, SiO2/β-GeO2 powder, a solvent,
and basic solution were added to a steel autoclave. More details for these reagents are
listed in Table 5.1. The autoclave was then heated to 175 °C for 3 days. The subsequent
powder was collected and washed twice with ethanol through centrifugation before it was
dried at 60 °C for up to 3 days.
The powders were first characterized by PXRD, which can be seen in Figure 5.16.
The first base used was NaOH, which resulted in significant contamination of the power
with Ge9Na4O20 as the base reacted with the β-GeO2 similar to what was seen in Section
5.7.2. Using NH4OH as the base resulted in a complete conversion from β-GeO2 to
HxGeyOz, which could be hydrated forms of GeO2. The dry powder was therefore heated
to try to dehydrate it. After the initial drying at 65 °C overnight, the dry powder was again
heated to 65 °C for an additional 18 h, followed by heating at 120 °C for 15 h, and 160 °C
for 24 h. After each heating, PXRD patterns (Figure 5.17) were obtained. The crystal
structure of the powder remained HxGeyOz up to 120 °C but became amorphous after
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Figure 5.13. SEM image (top) and EDS spectra (bottom) for SiO 2/β-GeO2 powder
synthesized through hydrolysis by mixed synthesis. EDS spectra were obtained for the
areas in the yellow squares on the SEM image.
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Figure 5.14. SEM image (top) and EDS spectra (bottom) for SiO 2/β-GeO2 powder
synthesized through hydrolysis by 0 h synthesis. EDS spectra were obtained for the areas
in the yellow squares on the SEM image.
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Figure 5.15. Elemental mapping of SiO2/β-GeO2 powder synthesized through hydrolysis.
TEOS was added to the solvent immediately after TEOG (0 h synthesis). The elemental
mapping area is marked by a green square on the SEM image.
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Table 5.1. Experimental conditions for heating SiO2/β-GeO2 powder to template α-SiO2.
SiO2/β-GeO2
Basic
Powder Mass
(mg)
45

Solvent
Ethanol

Solvent
Volume (mL)
1.8

Base
0.1 M aqueous NaOH

Solution
Volume (μL)
200

Product*
β-GeO2, Ge9Na4O20

20

Ethanol

1.5

28-30% aqueous NH4OH

500

HxGeyOz

54

Ethanol

1.8

Saturated aqueous Ba(OH)2
(pH=12)

200

β-GeO2, BaGe4O9

53

Ethanol

1.8

0.1 M aqueous CsOH

200

β-GeO2,
H12Ge7O20•3H2O

45

Ethanol

~2.1

0.1 M aqueous CsOH

200

β-GeO2,
H12Ge7O20•3H2O

52

Methanol

~2.1

0.1 M aqueous CsOH

200

β-GeO2

50

Acetone

~2.1

0.1 M aqueous CsOH

200

β-GeO2

*Products were determined using PXRD by matching peaks to patterns in the ICSD.
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Figure 5.16. PXRD patterns of β-GeO2 and silica powder (a) before heating and (b-e)
after heating to 175 °C for 3 days in basic solutions. Bases: (b) NaOH, (c) NH4OH, (d)
Ba(OH)2, and (e) CsOH.
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Figure 5.17. PXRD patterns of β-GeO2/SiO2 powder after heating in a NH4OH solution.
(a) β-GeO2/SiO2 powder was (b) heated in a NH4OH solutions to 175 °C for 3 days before
washing and drying at 60-65 °C overnight. The resulting powder was then (c) heated to
65 °C for an additional 18 h followed by (d) heating to 120 °C for 15 h and then (e) to 160
°C for 24 h.
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heating at 160 °C. The use of Ba(OH)2 resulted in the production of BaGe4O9 as a minor
contaminant while the use of CsOH lead to a minor H12Ge7O20•3H2O impurity. The PXRD
pattern shows no observable evidence of Cs+ reacting with the powder. No α-quartz
peaks were observed in any PXRD patterns.
α-Quartz may not have crystallized for two main reasons: the temperature is too
low or the pressure is too low. The temperature could not be increased because the βGeO2 will shift structurally and lose its chirality. An increased pressure was tried by
changing the solvent and increasing the volume of the solvent. SiO2/β-GeO2 powder was
heated with aqueous CsOH solution combined with either methanol or acetone, which
have higher vapor pressures than ethanol.190 PXRD patterns (Figure 5.18) revealed that
the use of these solvents appears to have eliminated the formation of the
H12Ge7O20•3H2O impurity, but no α-quartz formed.
Although no identified crystal structures contained Cs in the PXRD patterns of
SiO2/β-GeO2 powder heated in CsOH solution, EDS spectra (Figures 5.19-21) were
obtained to determine their atomic composition. The spectra show the presence of Ge,
Si, and Cs in all powders. These data signify that SiO2 was not removed at any point
during the synthesis but that Cs also remained within the powder.
Elemental mapping of the SiO2/β-GeO2 powder heated in a CsOH water/methanol
solution (Figure 5.22) was then used to determine how these elements were separated
within the powder. These images show greater separation between the Si and Ge than
prior to heating, which may be caused by dissolution of SiO 2 in the basic solution at the
high temperature. Cs was shown be present in higher concentrations within the SiO2
powder, which may also be caused by SiO2 dissolution.
TEM images with electron diffractions (Figure 5.23) were obtained to determine
the crystallinity of smaller areas of this powder as was done prior to heating. These
diffractions showed the powder to have both amorphous and polycrystalline portions.
Although the material was still sensitive to the electron beam, which can be seen by
multiple diffraction patterns of the same sample area (Figure 5.24), the patterns from
heated powders were initially more intense than those before heating. This greater
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Figure 5.18. PXRD patterns of β-GeO2/SiO2 heated to 175 °C for 3 days in CsOH
solutions using (a) ethanol, (b) methanol, and (c) acetone as the solvent.
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Figure 5.19. SEM image (top) and EDS spectra (bottom) for SiO2/β-GeO2 powder heated
in CsOH ethanol/water solution. EDS spectra were obtained for the areas in the yellow
squares on the SEM image.
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Figure 5.20. SEM image (top) and EDS spectra (bottom) for SiO2/β-GeO2 powder heated
in CsOH methanol/water solution. EDS spectra were obtained for the areas in the yellow
squares on the SEM image.
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Figure 5.21. SEM image (top) and EDS spectra (bottom) for SiO2/β-GeO2 powder heated
in CsOH acetone/water solution. EDS spectra were obtained for the areas in the yellow
squares on the SEM image.

130

Figure 5.22. Elemental mapping of SiO2/β-GeO2 powder heated in a CsOH
water/methanol solution. The elemental mapping area is marked by a green square on
the SEM image.
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Figure 5.23. TEM images (a-b) and electron diffraction patterns (c-d) of SiO2/β-GeO2
powder heated in a CsOH water/methanol solution.
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Figure 5.24. Electron beam sensitivity of SiO2/β-GeO2 powder heated in a CsOH
water/methanol solution shown by (a) a TEM image and (b-c) its corresponding electron
diffraction patterns. The electron diffraction patterns were measured in the same area of
the TEM image.
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intensity of the polycrystalline portion of the powder may result from greater separation of
the amorphous SiO2 and crystalline β-GeO2 or from sintering of the β-GeO2 particles.
5.8. Conclusion
Initial studies into a novel production method for optically-active α-quartz
nanoparticles using β-GeO2 nanoparticles were conducted. The first step to this process
would be the synthesis of optically-active β-GeO2 nanoparticles. The templating of an
enantiomeric excess of β-GeO2 nanoparticles was attempted using Lys or DAP as a
capping agent during the hydrolysis of TEOG. Although PXRD patterns indicated the
successful production of β-GeO2, TGA-MS indicated the presence of only a small
concentration of each capping agent. This negligible adsorption was insufficient to induce
templating; therefore, there was no measurable optical activity in most trials. Although
Lys-GeO2 (x=1, 2) powders exhibited a small optical rotation in polarimetry
measurements and one minor peak was measured in a CD spectrum of Lys-GeO2 (x=1),
no measurements were replicable.
As the final goal of this work would involve using optically-active β-GeO2 to
template optically-active α-quartz nanoparticles, templating of rac-α-quartz with rac-βGeO2 was first attempted. In this study, TEOG and TEOS were hydrolyzed to form one
powder containing both SiO2 and β-GeO2. PXRD and electron diffraction patterns
indicated that α-quartz does not crystallize at room temperature, which was expected as
higher temperatures and pressures are usually required. The powder was then heated in
various basic solutions. Powder heated in water/ethanol solutions with NaOH, NH4OH, or
Ba(OH)2 as the base resulted in the complete or partial reaction of the β-GeO2 powder as
determined by PXRD. Powder was also heated in CsOH solutions using water combined
with ethanol, methanol, or acetone as the solvent. These powders showed little or no
contamination on PXRD, but EDS and elemental mapping showed Cs throughout the
powder. α-Quartz did not form in any powders.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
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6.1. LSO:Ce Powder Synthesis
6.1.1. MC Synthesis of LSO:Ce Powder
LSO:Ce powder was produced through mechanochemical (MC) techniques using
a planetary ball mill. This process presents a fast, room-temperature, solvent-free
alternative to previously-conducted syntheses. To better understand this synthesis, a
parametric study was conducted using the Burgio-Rojac model. This study showed a
decrease in reaction time as ball diameter increased (within the sizes used), rotation rate
of the vial/disk increased, mass of the powder decreased, density of the balls/vial
increased, and number of balls increased. This research also demonstrated the effect of
vial degradation during the syntheses as crystallinity decreased and reaction time
increased as the vials were used over several months. Contamination was seen when
using all three vial/ball materials (Si3N4, WC, and ZrO2). While Si3N4 and WC mixed with
the powder, ZrO2 reacted with the LSO:Ce during the milling process to form Lu 3Zr3O12,
making it unsuitable for the synthesis of this scintillator.
6.1.2. Future Work on MC Synthesis of LSO:Ce
The most prominent problem in the MC synthesis of LSO:Ce was contamination.
A more extensive study to address this issue is essential. First, the amount of material
from each type of vial/ball should be determined both throughout a single run and over
multiple runs. It is possible the degree of contamination could be related to the brittleness
or hardness of the vial. This relationship should be studied to find the extent of the
correlation. Another interesting project would be to optimize the reaction in terms of
contamination versus reaction time. For instance, the WC is a harder material, which may
lead to greater contamination than Si3N4 over a constant milling time, but it has a shorter
reaction time, which may result in less contamination. The degree of contamination over
several runs would also be crucial to understand for long-term, industrial use.
The PL spectra’s signal-to-noise ratio (S/N) for MC-LSO:Ce was significantly lower
than that of SC-LSO:Ce. It was theorized that this may be due to fewer oxygen vacancies,
higher Ce3+ concentrations, or greater dispersion of the Ce3+. Furnace sintering increased
S/N, but it still did not compare to SC-LSO:Ce’s ratio. This suggests that either oxygen
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vacancies are not the primary cause of the low S/N or longer or higher temperature
sintering is required. The addition of reductants seemed to increase the PL intensity,
signifying that the Ce4+ is not fully reduced during milling despite the high temperatures
at collision points. Using Ce2O3 during the MC synthesis would increase the concentration
of Ce3+, which would appear as increased S/N in the PL spectra.
6.1.3. Combustion Synthesis of LSO:Ce Powder
LSO:Ce powder was synthesized through combustion methods. The most
successful synthesis involved a solution combustion (SC) process using a mixture of urea
and hexamethylenetetramine as the fuel. Although this method produced LSO:Ce with
both the P 1 21/c 1 and C 1 2/c 1 symmetries, heating the powder in the furnace shifted
the structure to solely the C 1 2/c 1 space group. LSO:Ce powder synthesized through
the SC synthesis exhibited a greater signal-to-noise ratio in its photoluminescence
spectra than powder synthesized through MC, which suggests fewer oxygen vacancies,
higher Ce3+ concentrations, or greater dispersion of the Ce3+.
6.1.4. Future Work on Combustion Synthesis of LSO:Ce
The work presented in Chapter 4 concluded that solution combustion was more
facile and more replicable than gel combustion for LSO:Ce powders. This SC method
should therefore be the focus of future work. In this work, the SC synthesis of LSO:Ce
powders resulted in a mixture of two space groups of the material, and past research has
synthesized exclusively P 1 21/c 1 LSO:Ce.17, 39, 49 There has been no successful SC
production of LSO:Ce that results in only the C 1 2/c 1 symmetry. This research could
either use various molar ratios of hexamethylenetetramine:urea, greater concentrations
of fuel, or attempt the synthesis with other mixtures of fuels which are more exothermic.
During these studies, the effect of each of the parameters on crystallite and particle sizes
might be of interest. Smaller sizes would allow better pressing of ceramics through hot
isostatic pressing.
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6.2. Optically-Active β-GeO2 and α-Quartz Nanoparticles
6.2.1. Optically-Active β-GeO2 Nanoparticle Synthesis
Attempts to produce optically-active β-GeO2 nanoparticles using lysine (Lys) and
1,2-diaminopropane (DAP) as capping agents were unsuccessful. The adsorption
strength of each chiral organic compound was too weak to induce the production of an
enantiomeric excess of β-GeO2. Any optical activity measured through polarimetry or
circular dichroism was not reproducible.
6.2.2. Future Work on Optically-Active β-GeO2 Nanoparticle Synthesis
As templating an enantiomeric excess of β-GeO2 nanoparticles was unsuccessful,
subsequent work can take a couple different directions. One option would be to use
different capping agents. If the surface is negatively charged as is expected for this
material, research should be continued with other positively-charged capping agents, like
arginine. These reactions may require the use of more acidic reactions. Cysteine and
penicillamine derivatives should also be used as they have been successful in other chiral
nanoparticle syntheses although the negatively-charged surface of the β-GeO2 makes
their adsorption unlikely.80, 82, 191 Phosphates and silanes have previously been used to
functionalize the surface of oxide nanoparticles, so it may be beneficial to try chiral
capping agents containing these groups.192 The listed capping agents may have greater
adsorption strengths for β-GeO2, which would help in templating optical activity.
Another option would be to use a different chiral inorganic nanoparticle.
Halasyamani and Poeppelmeier list a wide variety of possible chiral oxide compounds
although most have not yet been synthesized as nanoparticles and others require high
temperatures.193 Other options, which have been mentioned by Ben-Moshe, et al.,
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include HgO, AlPO4, CrSi2, TeO2, and Ag2Se. The available capping agents may adsorb
more strongly and in higher concentrations to these materials, leading to the production
of optically-active nanoparticles.
6.2.3. Templating α-Quartz Using β-GeO2
α-Quartz did not form under the conditions described in this dissertation. Although
amorphous silica remained in the powder, it did not crystallize when heated. When heated
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with NaOH, NH4OH, Ba(OH)2, or CsOH in water/ethanol, the β-GeO2 partially or fully
reacted with the base. Based on PXRD patterns, powder heated with CsOH as the base
combined with water and methanol or acetone had no observable contamination, but EDS
revealed Cs within the powder. Elemental mapping showed greater separation of the Ge
and Si after heating as well as greater overlap between Si and Cs. These two
observations suggest that silica dissolves during heating, but nucleation of α-quartz does
not occur.
6.2.4. Future Work on Templating α-Quartz Using β-GeO2
α-Quartz did not crystallize in any of the studies described in Chapter 5. In these
experiments, the temperature and pressure were lower than what is typically used in αSiO2 nanoparticle syntheses. The temperature cannot be increased because β-GeO2 will
shift structurally to achiral α-GeO2. Pressure, however, could be increased by using an
autoclave with an adjustable pressurization system. Increasing the pressure in α-quartz
nanoparticle syntheses has been shown to lead to increased nucleation rates in submicron α-quartz powders.176 An increased nucleation rate may lead to the successful
formation of α-quartz from the dissolved silica.
6.3. General Conclusion
This dissertation focuses on two different areas of nanoparticles: scintillators and
optically-active inorganic compounds. Scintillator syntheses concentrated on producing
the well-known LSO:Ce material through novel methods for use in ceramics. Both MC
and SC syntheses were successful in producing LSO:Ce, but future work into better
understanding and optimizing the processes is essential for industrial use. Chiral
nanoparticle studies centered around the use of one optically-active nanoparticle (βGeO2) to induce optical activity in another (α-quartz). This process would be the first
production of an optically-active inorganic nanoparticle synthesized at high temperatures
(>150 °C). Although all attempts at producing optically-active β-GeO2 nanoparticles or
templating α-quartz using rac-β-GeO2 were unsuccessful, this research can lead to future
work involving new capping agents, new low-temperature optically-active nanoparticle
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syntheses, and possibly a new method for forming optically-active nanoparticles using
inorganic templates at higher temperatures.
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